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CHAPTER 1. INTRODUCTION 
Background 
With the decrease of the world's oil reserves, coal is becoming increasingly im­
portant as an alternative energy source. Coal is the most abundant fossil fuel in 
the United States. The mineable coal deposits are estimated to last for 500 years at 
current consumption levels [1]. 
Most of the coal produced in the United States is used in electricity generation. 
In 1988 approximately 80 percent of the 862 million tons of coal produced in the 
United States was burned in power plants [2]. However, many problems are associated 
with burning coal due to the presence of sulfur and ash-forming minerals. The heat 
content of the coal is reduced due to the mineral matter, thereby decreasing the 
quality of the coal as a fuel [3]. The sulfur, which is present in the form of iron pyrite 
(Fe52), can cause equipment wear and it can oxidize to form acids which cause boiler 
corrosion. In addition, the generated gaseous sulfur dioxide in the flue gas may cause 
acid rain. Excessive amounts of ash will cause slagging, fouling and erosion of various 
parts of a boiler, plug the air preheaters, and overload the electrostatic precipitators. 
Disposing of large amounts of ash from boilers is also a problem at power plants. 
At the same time, the environmental regulations are more restrictive. The solution 
of these problems requires more study of present and future economically feasible 
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methods of coal beneficiation or cleaning. 
Coal beneficiation or cleaning is the process of removing the mineral matter 
from the carbonaceous material to prepare a material with certain characteristics 
required for coal conversion and utilization technologies. Coal cleaning methods can 
be classified into three main categories: conventional physical cleaning by washing, 
nonconventional physical cleaning, and chemical cleariing. 
Although most of the coal cleaning methods currently practiced belong to con­
ventional physical cleaning, their big disadvantage is that they are not effective for 
dealing with fine coal. Almost 20 % of the coal produced in the United States is lost 
as fines [4]. If cleaning is limited to coarse particles, much of the mineral matter is 
not liberated. Hence, the removal of mineral matter is limited. To avoid this prob­
lem, nonconventional methods which will clean fine coal are required. Froth flotation, 
oil agglomeration and selective flocculation are among the most promising physical 
separation processes for treating fine particles [5]. The surface properties of fine coal 
particles play an important role in these coal cleaning processes. 
Selective Oil Agglomeration and Surface Properties 
In an oil agglomeration process, an immiscible liquid (oil) is added to an aqueous 
suspension of fine coal and mineral matter. The suspension is agitated so the oil 
will be emulsified and contacted with the fine coal and mineral particles. Ideally, 
the oil will preferentially attach to the hydrophobic (carbonaceous) particles. The 
oil-attached particles will stick together upon collision to form agglomerates. The 
hydrophilic (mineral matter) particles, on the other hand, will not be wetted by 
the oil and will not agglomerate upon collision. The oil will promote the growth of 
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coal agglomerates which can be separated by screening to leave tailings containing 
most of the suspended free mineral matter and any unrecovered fine coal. This 
process can treat particles ranging from a few angstroms to 2-3 mm in size. The 
process is simple, and, in energy terms, an attractive alternative to or supplement 
for thermal drying or steam assisted filtration. The agglomerates cause minimal 
materials handling problems. The process can provide a low cost method for solving 
environmental problems associated with tailings lagoons of "black water" produced 
by coal washeries. The water used for oil agglomeration can be recycled. Because of 
these advantages, selective oil agglomeration has been attracting much attention. 
Figure 1.1 shows the idealized stages for spherical agglomeration. For oil agglom­
eration to take place, the oil must attach to the coal particles. That is, the interfacial 
force for oil to spread on the coal surface in a water environment must be large in 
order to displace the water and to prevent the oil from being detached because of 
hydrodynamic forces. Usually, the more hydrophobic the coal surface, the more likely 
the oil droplets will displace the water and attach to the coal particles. Therefore, 
the interfacial tensions among coal, oil and water in the three-phase system are very 
important in controlling the process. The binding forces determine the efficiency of 
oil agglomeration, the oil dosage, and the strength and sizes of agglomerates. 
Although coal is usually naturally hydrophobic compared to most of the mineral 
matter, the hydrophobicity of the coal surface varies with coal rank. In some cases 
the coal itself is rather hydrophilic so that it doesn't respond well to oil agglomera­
tion. Also the surface properties suffer changes during coal handling encountered in 
mining and preparation. The surface of coal is exposed to air and will undergo oxi­
dation. Usually the surface hydrophobicity decreases with oxidation, and the abihty 
© © © 
oil © © ® 
Reactants Primary unit Pre-agglomerate Agglomerate 
Figure 1.1: Schematic representation of idealized stages in spherical agglomeration, 
after Healy[6] 
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to respond to oil agglomeration decreases. Furthermore, the binding forces between 
oil and coal may vary with oil type. TheSe challenges demand a fundamental study 
of how the oil agglomeration process is controlled by interfacial properties. This in 
turn requires proper characterization of the interfacial properties. Such a study is 
essential to optimize and to commercialize the selective oil agglomeration process. 
Generally, surface hydrophobicity is expressed in terms of the contact angle 
formed when a water drop is placed on a flat solid surface [8]. A larger contact angle 
indicates strongly hydrophobic behavior, while a smaller contact angle represents 
weakly hydrophobic behavior. When the contact angle is zero, the liquid completely 
spreads on the solid. If a liquid drop is hydrocarbon oil, a small contact angle 
indicates strongly oleophilic behavior of the solid. 
Another indicator of hydrophobicity is the heat of wetting. Former studies [8] 
have shown that when a polar solid is immersed in a polar liquid, the heat of wetting 
is large, while the contact angle is small. When the same solid is immersed in a 
non-polar liquid, the heat of wetting is small, while the contact angle is large. 
Since the measurement of the contact angle is considered to be less objective 
than the measurement of the heat of wetting, it would be advantageous to determine 
the hydrophobicity of solids in liquid by measuring the heat of wetting. On the 
other hand, the three-phase contact angle can provide direct information about the 
interactions among oil, water and coal surfaces which may be useful for understanding 
the mechanism of the oil agglomeration process. Therefore, determining the three-
phase contact angle is also of interest. 
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Research Purpose and Objectives 
The overall purposes of this study were to establish practical methods for char­
acterizing the surface hydrophobicity of coal and and for measuring other interfacial 
properties involved in the oil agglomeration process, and to determine how these 
properties control the oil agglomeration process. It was hoped that this study would 
provide a better understanding of the mechanism of the oil agglomeration process in 
order to aid process optimization. Specific objectives of this study were as follows: 
1. Determine whether the heat of immersion is a proper method for characterizing 
the surface of coal used in an oil agglomeration process. 
2. Determine the factors which affect the heat of immersion measurement, such 
as coal moisture content, liquid type, coal rank, and coal particle size, and also 
establish standard conditions for the heat of immersion measurement. 
3. Determine how the coal surface hydrophobicity is affected by the concentration 
of oxygen functional groups introduced when coal is oxidized by air at 150° C. 
4. Determine whether oil agglomeration test results for oxidized coal samples cor­
relate with heat of immersion. Extend this work to two coals, one hydrophobic 
and one hydrophilic. 
5. Determine the feasibility of measuring agglomeration performance by observing 
the change in turbidity of a particle suspension as it is agglomerated. 
6. Determine the feasibility of measuring the three-phase contact angle by using 
the suction potential method. Determine the factors which affect the measure­
ment of the three-phase contact angle by this method. 
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7. Measure the three-phase contact angle of coals of various ranks and different 
particle sizes, using various oil types. 
8. Determine the spreading of oil on a coal surface for the oil-water-coal system by 
determining the three-phase contact angle. Correlate the spreading coefficient 
with oil agglomeration response if possible. This study is aimed at providing 
useful information about how to choose a proper oil as the bridging liquid to 
get optimal oil agglomeration performance for various coals. 
9. Determine whether and how the presence of air bubbles or an air film affect 
the spreading of oil on a coal surface immersed in water and consequently how 
it will affect the oil agglomeration process. 
It was thought that coals of different surface hydrophobicity would respond differently 
to oil agglomeration. Therefore, the operating parameters required to achieve the best 
recovery of coals of different rank would be different. Hence this study would provide 
guidance for choosing proper operating conditions such as oil type, oil dosage, and 
other parameters. 
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CHAPTER 2. THE CONTACT ANGLE AND THE HEAT OF 
IMMERSION 
Three-phase Contact Angle and the Heat of Immersion 
Generally, surface hydrophobicity is expressed in terms of a contact angle [ S i .  
The conventional concept of a contact angle is shown in Figure 2.1. 
vapor 
liquid 
solid 
Figure 2.1: Contact angle for a sessile drop in a liquid-vapor-solid system. After 
Zisman[9] 
In this diagram 7^^ is the interfacial tension at the solid-liquid interface, 751, the 
9 
surface tension of solid in contact with the liquid vapor, 7^^, the surface tension of the 
liquid in contact with its vapor, and 6 is the contact angle of the liquid with the solid 
surface. Generally, when, the liquid is water, a larger contact angle indicates strongly 
hydrophobic behavior, while a smaller contact angle represents weakly hydrophobic 
behavior. When the contact angle is zero, the liquid spreads completely on the solid. 
Then the solid is said to be wet by the liquid. 
Since oil agglomeration of coal involves the oil-water-coal, three-phase system, 
the contact angle between an oil-water interface and a coal surface under water is of 
special interest. This contact angle. 9. is shownin Figure 2.2. 
Figure 2.2: The three-phase contact angle for the qil-water-solid system 
Oil in this system is largely immiscible with water. The contact angle in the 
oil-water-solid system has been expressed in two different ways in the literature. One 
water 
solid 
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way is the angle measured through the oil phase, 9, as shown in Figure 2.2. The 
other way is the angle measured through the water phase which is 180 — 9. Yang and 
Drzymala[7] advocated the convention of always expressing the three-phase contact 
angle as the angle measured through the oil phase as shown in Figure 2.2. In this 
way, the general rule for a gas-liquid-solid system (the smaller the angle, the better 
the liquid can wet the solid) can be applied to an oil-water-solid system as follows: 
the smaller the angle, the better the oil will displace the water from the solid surface 
and spread on the solid surface. On the other hand, if the angle is measured through 
the water phase, the above rule can be stated as follows: the larger the angle, the 
better the oil will displace the water from the solid surface. 
The heat of immersion is usually regarded as an exothermic quantity of energy 
released when a solid is immersed in a liquid. It can provide information about the 
energy of interaction between the solid and liquid. It has been found that the heat 
of immersion can be related to hydrophobicity of a solid surface. Former studies [8] 
have shown that when a polar solid is immersed in a polar liquid, the heat of wetting 
is large, while the contact angle is small. When the same solid is immersed in a non-
polar liquid, the heat of wetting is small, while the contact angle is large. Ideally, 
when the heat of immersion is used as an indicator of surface hydrophobicity, no 
chemical or physical interactions other than wetting of the solid by the liquid shouM 
be involved. 
Since measuring the contact angle may be less objective than measuring the 
heat of wetting, it may be advantageous to determine the hydrophobicity of a solid 
by measuring its heat of wetting in a liquid. Although there have been a number of 
publications about the thermodynamics of interfacial phenomena, only a few reports 
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have been concerned with correlating the heat of wetting with the contact angle. No 
publications concerned with the measurement of heat effects in oil-water-coal systems 
have been found. For an oil agglomeration process, what is needed is the three-phase 
contact angle and the heat of wetting for an oil-water-solid system. Of interest is 
the thermodynamic relationship between the heat of wetting and the contact angle 
and the application of their relationship to calculate the contact angle from heat of 
immersion data for both a solid-liquid-vapor system and an oil-water-solid system. 
Thermodynamic Relationship Between the Heat of Immersion and the 
1. Liquid-Vapor-Solid System 
The heat of immersion can be related to the contact angle for a liquid-vapor-solid 
system by the following expression (see Appendix C): 
In this equation, AH is the heat of immersion of a, clean solid surface in one liquid, 
and the contact angle is that determined when a liquid drop is placed on a clean solid 
surface. 
2. Liquid-Liquid-Solid Systein 
A similar relationship to that for a liquid-vapor-solid system can be expressed 
as follows for a liquid-liquid-solid system (see Appendix C): 
Contact Angle 
- AH = llv-T 
P 
(2 .1)  
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dT 
Pi 
'dcos 9 
cos 6 ^hh '^hh' 
fhh\ 
dT (2.2) 
In this expression, ^5/1/2 the three-phase contact angle which can be determined 
for a liquid-liquid-solid system. However, AH, which involves two liquids, can not be 
directly determined by conventional calorimetry. Therefore, in this study the heat 
of immersion in one liquid and the three-phase contact angle for a liquid-liquid-solid 
system were determined empirically. The thermodynamic relationship between these 
two surface properties is discussed in Appendix C. 
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CHAPTER 3. EXPERIMENTAL STUDY OF THE HEAT OF 
IMMERSION OF COAL 
Review of Previous Work 
The heat of immersion has been found to be a sensitive indicator of surface 
hydrophilicity. Furthermore, the heat of immersion measurement can be applied 
very easily to fine particles for which contact angle measurement is usually difficult. 
For these reasons, the.heat of immersion is a very promising method for determining 
the hydrophilicity of solid particles in various liquid systems. However, the heat of 
immersion of solid particles has been found to depend on particle size, liquid type, 
and moisture content of the solids. To standardize the measurement, it is necessary 
to determine how these factors affect the heat of immersion. 
As mentioned in Chapter 2, the previous analysis is based on the assumption 
that no other heat effect, due to either chemical or physical changes, is involved in 
the immersing process. However, the process of immersion can be more complicated 
as many other changes can occur, especially for a complex material such as coal. 
There have been some reports [13] [15] which have discussed this problem and have 
suggested that mineral oxides or organic contaminants on the surface of the solids 
may react with the liquid, and the heat of reaction would contribute to the integral 
heat measured. Besides this, omnipresent water will tenaciously hold onto the high-
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energy solids, and at high temperature chemisorption may occur and contribute to 
the measured heat effect. Also swelling may cause breakage of C-C bonds on the 
solid surface, absorbing some of the heat of wetting. 
To solve this problem, some investigators have tried to remove the impurities [15], 
and others have suggested that new techniques are needed to separate the "pure" heat 
of wetting and the heat contributed by other chemical or physical changes. 
To improve our understanding of the immersing process, it would be necessary 
to distinguish between different heat effects. However, it may not be necessary to 
physically or chemically treat the surface of a real solid before measuring the heat 
of wetting in order to deduce other heat effects. Since these chemical or physical 
changes happen at the solid-liquid interface, they may change the surface tension, 
and, hence, the surface enthalpies Hsv and H^i. Thus, the heat observed during 
the immersion process may represent only the real hydrophobicity of the solid-liquid 
system. Of course, if the immersion process involves physical or chemical changes 
beyond the solid-liquid interface, the associated heat effects should not be included 
in the heat of wetting. 
Everett [16] carried out a detailed thermodynamic analysis of interfacial phe­
nomena, but did not consider certain physical or chemical changes in a real system. 
A further thermodynamic analysis of interfacial phenomena, taking account of such 
changes, will provide a breakdown of all possible heat-producing interactions. . 
Another important factor which will affect the heat of wetting is the adsorption of 
IOH~ ions. Wierer and Dobias [17] obtained experimental data for the exchange 
enthalpy of IOH~ ion adsorption on minerals. The exchange enthalpy includes 
the heat of adsorption of IOH~ ions on oxides and the heat of dissolution released 
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during dissolution of the lattice ions from the oxide surface. The experimental data 
for the exchange enthalpy AHex of fOH~ ions on oxides at different pH show 
that the exchange enthalpy decreases with increasing pH in the low pH range. Then 
after reaching a minimum value it starts to increase with increasing pH in the high pH 
range. One possible interpretation of this result is that the surface tension does not 
change at the points of equal adsorption density (EAPs). When the pH is increased 
beyond the EAPs, the surface tension of the solid-liquid interface is changed, due to 
the adsorption of H''^IOH~ ions. Therefore, it may be concluded that the heat of 
wetting would be a minimum at the EAPs, whereas the contact angle would reach a 
maximum at the EAPs. Beyond the EAPs, the heat of wetting would increase with 
increasing concentrations of or 0H~ ions, which would cause the contact angle 
to decrease. 
It is most important when using Equation C.8 and Equation C.20 that the heat 
of wetting and contact angle are measured under the same conditions. In other 
words, if the hydrophobicity or contact angle of a given system is needed under 
certain conditions, the heat of wetting for the system must be measured under the 
same conditions. The initial condition of the solid sample must therefore be known 
or controlled. 
To measure the heat of wetting for the process described in Chapter 2, the sample 
should be equilibrated with the liquid vapor at a certain T, P, and Pg before taking the 
measurement. If the solid is not pretreated by saturating it with the liquid vapor, the 
solid will absorb the vapor before the immersion process occurs. The measured heat 
will contain a contribution due to the heat of adsorption. Hollenbeck [12] described 
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the enthalpy change relationship by the following equation: 
where nl is the number of moles of liquid adsorbed per unit surface area of solids, 
A is the heat of vaporization of the liquid, is the heat of adsorption, and 
AHg^l and are, respectively, the heat of wetting with and the heat of, wetting 
without presaturation by the liquid vapor. 
Hollenbeck [12] pretreated the solid samples by putting them into relative hu­
midity chainbers for several days. The humidity varied from 5% to 100%. The 
samples were equilibrated with the water vapor, then the heat of immersion of the 
samples in water was measured. The results show that as the moisture content of the 
solid increased from 0 to 5%, the heat of wetting decreased sharply. As the moisture 
content continued to increase, the heat of wetting decreased slowly. Other investiga­
tors including Nordon [13] have obtained similar results for a bituminous coal-water 
system. 
The generally accepted explanation was given by Zettlemoyer et al. [14]. The 
heat of wetting appears to depend primarily on the amount of bare surface present. 
This suggests that the surface of the solid is covered with energy sites with varying 
energy levels. As the high energy sites preferentially adsorb the vapor molecules, the. 
heat of wetting depends on which sites are occupied by the vapor molecules. 
We therefore can conclude that for measuring the heat of wetting, it is very 
important to control the moisture of the sample before measurement, as even small 
quantities of moisture can affect the heat of wetting greatly. 
Basically, if we want to determine the hydrophobicity of a solid in a given liquid 
under certain conditions by measuring the heat of wetting, the measurement must 
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be conducted under the same conditions. If the experiment starts with a dry solid 
sample, the heat of adsorption should be determined experimentally or by theoret­
ical calculation. A number of publications[15] have presented the thermodynamic 
equation from which the heat of adsorption can be calculated. 
Overall, when determining the heat of wetting, all the physical and chemical 
changes need to be considered. The heat involved with the change should be included 
in the heat of wetting only if the change happens at an interface which would change 
the hydrophobicity of the solid surface in the liquid. If the change happens beyond 
the interface, the associated heat effect should not be included. Unfortunately, it is 
not easy to identify such changes and the associated heat effects. 
In the 1940's, the heat of immersion was used to determine the surface area 
of coal particles [18]- [20]. For these measurements, it was assumed that there was 
no chemical interaction between the coal and the liquid, so the heat of immersion 
was directly proportional to the wetted surface area S. S was calculated by assum­
ing that the heat of wetting was 1 cal/10 m^. This value for the heat of wetting 
was established by measuring the heat of wetting of carbon black, the surface area 
of which was determined by electron microscopy. The surface area measured by 
electron microscopy was also comparable to that measured by sorption techniques. 
Other measurements indicated that 1 cal/10 applied to all carbonaceous solids 
and that it was substantially independent of the nature of the wetting liquid. Bond 
and Spencer [21] measured the heat of wetting of a carbon black (with S = 230m ^ / g f )  
in 16 different liquids and found an average value of 1 cal/9 m?, with a maximum 
deviation of ±25%, and with most values within ±10% of this average. However, 
later measurements with a Bruceton, Pennsylvania, coal in some 30 different liquids 
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indicated a much greater variation [22]. Great caution must be exercised in using a 
universal value for the heat of wetting as Berkowitz [22] pointed out. Heat released 
by some other interactions may be involved. For example, the heat of immersion in 
methanol is now known to be grossly distorted by imbibition and/or polar interac­
tion of methanol with oxygen-bearing functional groups (notably -OH) at the coal 
surface [23] - [26]. Imbibition would tend to create new surfaces (through associated 
swelling of the coal), and the interaction of methanol with functional groups is an 
exothermic process. In either case, a fictitiously high value of heat of immersion or 
the calculated wetted surface area would be observed. Also the effects may depend 
on how deeply the methanol penetrates into the internal pores of the coal. The heat 
of immersion also depends on the respective molar volumes of liquids in which it is 
immersed. 
The surface area obtained by these methods is calculated by assuming that 
the fluid completely penetrates all pore spaces. However, this is not true because 
fluid molecules having different molar volume will penetrate the internal pores to 
a different extent. Although it is possible to estimate the relative values of the 
surface area accessible to different adsorbates, the absolute surface area of coal is 
still an uncertain quantity. Bond and Spencer[21] studied the heat of wetting of 
graphite in various liquids with different molar volumes and found that the heat 
of wetting decreases with increasing molar volume. They thought this phenomenon 
indicated that smaller molecules can penetrate into micropores while larger molecules 
can only penetrate into macropores. Spencer and Bond [27] later pointed out that 
different methods used during the last 30 years to measure the specific surface area 
of coal, including gas and vapor adsorption and the heat of immersion, had given 
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contradictory results and had led to considerable confusion. The specific surface area 
obtained for a given coal can vary according to both the method and the conditions of 
measurement(e.g., adsorption at different temperatures, etc.). Hence, they pointed 
out that growing evidence suggested that the concept of "specific surface" when 
applied to sorbents containing pores having a diameter less than 1 Angstrom had 
no physical meaning. They also suggested that great attention should be paid to 
directly characterizing the large pores by mercury penetration porosimetry and other 
methods. Furthermore, they believed that the heat of immersion should not be used 
to estimate the specific surface area of coal. 
Partyka et al. [28] examined the "absolute" calorimetric determination method 
originally suggested by Harkins and Jura [29]. In the measurements by Partyka et al. [28], 
the outgassed powder was brought into equilibrium with the saturation pressure of a 
liquid in order to be covered with a "duplex" adsorbed film, which was thick enough 
(for instance 1.5 to 2 nm of water, i.e., five to seven molecular layers) to present an 
external surface identical in nature with that of the bulk liquid. The wetted powder 
was then immersed in the liquid. The heat released by the loss of the liquid/vapor 
interface was related by Harkins [30] to its area A through the following basic rela­
tionship: 
-  T^)  (3.1)  
where 7^'^ is the surface tension of the liquid/vapor interface and T is the absolute 
temperature of the system. From an evaluation of and from an independent 
knowledge of 7^)^ and it was possible to determine A without any assumption 
concerning the molecular cross-section of the liquid used for measurement. However, 
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this method was used successfully for only a very limited number of samples (pure 
and alumina coated anatase and pure graphite). Yet the validity of this method 
has been questioned. Firstly, in a saturated vapor it is impossible to avoid capillary 
condensation which lowers the extent of the available liquid/vapor interface; secondly, 
the calculated surface area must be corrected for the thickness of the preadsorbed 
film. 
Glanville et al. [31] studied the heat of immersion of a subbituminous Wyodak 
No. 3 coal in water as a function of coal moisture content. The heat of immersion 
was found to decrease with increasing moisture content over a range from 1% to 
15%. Samples were equilibrated for no less than 8 days at different relative humidities 
(R.H.) over aqueous sulfuric acid solutions of varying concentration, and subsequently 
subjected to gravimetric analysis and Karl-Fischer (K-F) titration to determine the 
moisture content. The samples were then maintained for two hours at less than 10~'^ 
torr at the desired temperature. After this treatment, the samples were exposed to 
water vapor in a volumetric adsorption apparatus. The moisture content of the coal 
samples was varied by exposing the samples to water vapor for varying lengths of 
time. The glass ampules containing the coal samples were then sealed off under 
vacuum and subjected to a heat of immersion measurement. The results showed that 
the heat of immersion of this, coal decreased dramatically with increasing moisture 
content. It was also found that the specific surface area measured by water vapor 
adsorption at room temperature was almost five times that measured by Krypton 
adsorption at low temperature. 
Starzewski and Grillet [32] measured the enthalpy of immersion of four French 
coals of various ranks in water, methanol and tetralin at 20, 30, and 50 °C. They 
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believed that the enthalpy of immersion in methanol and tetralin resulted from at 
least two phenomena, a rapid wetting of the solid, followed by a slow dissolution of the 
coal in the solvent. Hence, they tried to measure the "true" enthalpy of immersion 
by pretreating the coals. The coal surfaces were saturated by the solvent, then dried 
and degassed. Then the coal sample was immersed in the liquid which had been 
saturated with coal. However, the "true" enthalpy of immersion may not represent 
the true heat of wetting, for the extraction of coal also changes the surface properties 
of the original coal surface. In this case, the physical process of wetting and the 
dissolution process cannot be separated. 
Experimental 
1. Sample Preparation 
Illinois No. 6 coal from Illinois and No. 2 Gas Seam coal from Raleigh County, 
West Virginia, were prepared for determining heat of immersion in various liquids. 
The coals were crushed, dry ground, and then separated into narrow particle size 
fractions. Separation involved screening with standard sieves using a mechanical 
shaker followed by further screening with a Sonic Sifter. 
2. Particle Size Analysis and Determination of Specific Surface Area 
Two techniques were used to determine the particle size distribution : Microtrac 
particle size analysis and automatic image analysis. Since the available Microtrac 
particle size analyzer could only determine the size of particles up to 176 fim, only the 
size fractions which were below 100 mesh (< 149 fim) were analyzed by the Microtrac 
particle size analyzer. The particle size distribution of each of the larger size fractions 
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Table 3.1: Composition of Illinois No. 6 coal used for heat of immer­
sion measurements 
Particle Size, Mean Size, Surface area,® Ash,^ Total sulfur,^ 
mesh (U.S.Std.) /xm cm^\ cm^ cm^\ g wt. % wt. % 
-45/+70 241 275 212 4.99 3.39 
-70/ + 100 158 428 330 , 5.24 3.48 
-100/+200 110 728 560 6.80 3.32 
-200/+270 82 856 659 6.94 3.41 
-270/+400 63 1172 902 7.32 3.53 . 
®Calculated external particle surface area. 
^Dry basis. 
^As received basis. 
(-45/+70 mesh and -70/+100 mesh) was determined by automatic image analysis. 
The average particle size, dp, of each of the distributions was then determined. The 
average specific external surface area S (area per unit volume of coal) was calculated 
by 5 = 6/dp, assuming the coal particles to be spherical. The ash and total sulfur 
contents of each sample were also determined by standard methods. The analytical 
results are listed in Tables 3.1 and 3.2. 
3. Controlling Moisture Content of Coal Samples 
The moisture content of two coals of -100/+200 mesh size was adjusted either 
by vacuum drying at room temperature or by placing the samples in desiccators 
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Table 3.2: Composition of No. 2 Gas Seam coal used for heat of im­
mersion measurements 
Particle Size, Mean Size, Surface area,*^ Ash,^ Total sulfur,'^ 
mesh (U.S.Std.) /im cm^\ cm^ cm^\ g wt. % wt. % 
-45/+70 284 191 146 3.40 0.76 
-70/4-100 181 428 327 3.08 0.76 
-100/-f200 113 888 679 3.66 0.82 
-200/+40.0 71 1014 776 2.50 0.82 
^Calculated external particle surface area. 
^Dry basis. 
^As received basis. 
containing saturated solutions of different salts or NaOH solutions of various con­
centrations and allowing enough time for the samples to.reach a constant weight. 
The purposes were to determine the dependence of the heat of immersion of coal on 
the coal moisture content and to establish a standard condition for controlling the 
moisture content of coal samples for heat of immersion measurement. 
For vacuum drying, a thin layer of the coal sample was placed in a small glass 
jar. The uncovered glass jar was then placed in the vacuum desiccator with desiccant. 
Then the desiccator was evacuated for 8 hr every day for 7 days before determining 
the moisture content and the heat of immersion. 
NaOH solutions of various concentration were used for adjusting the moisture 
content of Illinois No. 6 coal of -100/4-200 mesh size. A predetermined amount 
of NaOH ws placed in a beaker, then 200 ml deionized water was slowly added 
while stirring. Then the solution was transferred to a clean desiccator. A small 
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glass jar containing a thin layer of the coal sample was placed in the desiccator 
and then the desiccator was evacuated for 30 min. The desiccator was closed and 
the sample was equilibrated for more than 3 days. After 3 days, the sample was 
weighed to determine if the weight of the glass jar had reached a constant. When 
the weight of the glass jar became constant, the moisture content of each coal sample 
was determined subsequently by drying a small portion of the sample in an oven at 
110-120°C for 1.5 hr. 
The moisture content of No. 2 Gas Seam coal (-100/+200 mesh size) was ad­
justed by saturated solutions of different salts. These salts were LiCl, MgCl2, NaCl 
and KCl. About 150 g salt was placed in a 500 ml beaker, 200 ml deionized water was 
slowly added while stirring. Then the solution was stirred using a magnetic stirrer 
for 30 min. More salt was added if all the salt was dissolved. When saturated, the so­
lution was then transferred to a clean vacuum desiccator. The subsequent procedure 
was the same as described above for using NaOH solutions. 
Tables 3.3 and 3.4 list the moisture content of both Illinois No. 6 coal and No. 
2 Gas Seam coal of -100/+200 mesh size for various drying conditions. 
According to these tables, a saturated solution of LiCl produced coal with the 
lowest moisture content. Also since a saturated solution was employed, the drying 
condition was reproducible. 
4. Measurement of The Heat of Immersion 
The heat of immersion of coal in water or other organic liquids was measured 
by a TRONAC Model 450 Isoperibol Titration C^orimeter. A small amount of coal, 
weighing from 0.1 to 0.5 g, was placed in a glass ampule. The stem of the ampule 
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Table 3.3: The moisture content of Illinois 
No. 6 coal of -100/+200 mesh 
size at different conditions 
Drying Conditions Moisture Content of Coal, % 
Vacuum Drying 1.97 
100 g NaOH + 200 g HgO 4.13 
60 g NaOH + 200 g H2O 5.52 
Pure HgO 9.45 
Table 3.4: The moisture content of No. 2 Gas Seam 
coal of -100/+200 mesh size at different con­
ditions 
Drying Conditions Relative Humidity 
in Desiccator, % 
Moisture Content 
of Coal, % 
Vacuum Drying 1.85 
Li CI Saturated Solution 11 1.27 
MgCl2 Saturated Solution 33 2.47 
NaCl Saturated Solution 75 3.32 
KCl Saturated Solution 85 6.10 
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was sealed with a microflame torch. The ampule was then placed on the sample shelf 
in the Dewar cell. The Dewar cell contained 50 ml water or some other liquid. The 
temperature of the liquid inside the Dewar cell was adjusted to 25° C and 22 hr was 
allowed for the temperature of the coal sample to be stablized at 25° C. Then the 
ampule was broken by a mechanical breaker and the heat of immersion was recorded. 
Results and Discussion 
1. Heat of Immersion vs. Moisture Content of Coal 
As shown in Figures 3.1 and 3.2, the heat of immersion of of both Illinois No. 
6 coal and No. 2 Gas Seam coal in water decreased with increasing coal moisture 
content. Therefore, controlling the moisture content of coal samples used for heat 
of immersion measurement is important. It also suggested that heat of immersion 
of coals with different surface properties must be compared at the same moisture 
content. It is recommended that a Li CI saturated solution be used as the standard 
method of controlling moisture content of coal samples for heat of immersion mea­
surements in this project. 
2. Heat of Immersion vs. the Particle Size of Coal 
Although the measured heat of immersion usually corresponds to the heat re­
leased per unit weight of solids, the heat of immersion- per unit surface area is a 
better indicator of the surface properties of a solid material. A comparison of the 
hydrophobicity of different solids must be based on this value. It is usually assumed 
that the heat of immersion per unit surface area is a constant for a given coal im­
mersed in a given liquid. Hence, a horizontal line would be expected when the heat 
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Figure 3.1: (Correlation between the heat of immersion in water for Illinois No. 6 
coal of the -100/+200 mesh size and the moisture content of the coal 
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Figure 3.2: Correlation between the heat of immersion in water for No. 2 Gas Seam 
coal of the -100/+200 mesh size and the moisture content of the coal 
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of immersion per unit of external area is plotted against the specific external surface 
area of a series of coal samples which differ only in particle size, provided that only 
the external surface of the coal particles is wetted by the liquid. However, the results 
for both Illinois No. 6 coal and No. 2 Gas Seam coal show that the heat of immersion 
per unit of external surface area decreased with increasing external surface area (see 
Figures 3.3 and 3.4). 
The surface composition and the mineral particle content of the coal samples 
were slightly different among different size fractions of a given coal. According to 
Tables 3.1 and 3.2, the sulfur and ash contents differed only slightly among the 
various size fractions. Since mineral particles are more hydrophilic than coal particles, 
the existence of more mineral particles and/or mineral components on the surface of 
coal particles would increase the total heat of immersion of a coal sample. Therefore, 
the apparent heat of immersion of coal particles would decrease with decreasing 
particle size. 
If the heat of immersion per unit surface area is truly constant, two reasons may 
be responsible for the phenomena indicated in Figures 3.3 and 3.4. First, the surface 
characteristics of the larger particles may not be identical to those of the smaller 
particles. The surface roughness and surface composition may not be the same for 
different size fractions. If the surface roughness affects the heat of immersion, the 
smaller particles which have a smoother surface would have a lower heat of immersion. 
Because the contact angle may increase with increasing surface roughness [8], the 
surface hydrophobicity may increase with increasing surface roughness. Therefore, 
this may lower the corresponding heat of immersion. 
Secondly, the external surface of coal particles is not the true surface area wetted 
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by the immersion process. Since coal is a porous material, liquid will penetrate into 
the pores of the coal and wet part of the internal surface. This portion of the surface 
area must be taken into account when calculating the heat of immersion per unit 
of wetted surface. However, it is extremely difficult to determine the total wetted 
surface area as has been discussed in the literature review. An alternative method 
must be used to calculate the heat of immersion, based on the actual wetted surface 
area. A simple model can be developed if it is assumed the heat of immersion per 
unit of actual wetted surface area is constant for a given solid in a given liquid, i.e., 
— = /i = constant (3.2) 
Sticm^h) 
where 
= Se + (3.3) 
where 0 < x < 1. 
The total wetted surface area consists of the external surface area Sg and a 
portion of the total internal surface area S^. The fraction x, determined by the extent 
of penetration of the liquid into the internal pores, is an unknown factor. The internal 
pore surface area is a quantity which is very hard to determine as well. Nevertheless, 
the fraction of the pore surface area being wetted by the immersion process, x, can 
be assumed to be constant for different size fractions of the same coal under the same 
conditions of wetting. 
This assumption is based on the pore radius distribution theory. Since the pore 
size distribution for a given coal should be the same regardless of particle size, the 
fraction of pores into which the liquid can penetrate will be the same also. Hence, 
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the penetration extent, x, will be the same for various size fractions. The value of x 
is mainly determined by the smallest pores that the wetting liquid can access under 
certain conditions. Under the same temperature, pressure, and mechanical condi­
tions, the minimum radius, ro, of the pores which the wetting liquid can penetrate 
mainly depends on the molar volume of the wetting liquid, and, therefore, so does 
the value of x. For large molecules ro is large, so the fraction of pore surface area, 
x, is small, and vice versa. The hydrophobic interaction between coal and wetting 
liquid will also affect ro and x to some extent. 
By substituting Equation 3.3 for in Equation 3.2, the following simple model 
of heat of immersion is obtained: 
AH = hSe + xS-ih (3.4) 
According to Equation 3.4, a plot of the measured heat of immersion (J/g) versus 
the external surface area of various size fraction should yield a straight line having a 
slope of h, which is the normalized heat of immersion per unit of actual wetted surface 
area. Figures 3.5 and 3.6 indicate a good linear relationship for the experimental data 
obtained with the two coals. Also the regression coefficient R in Tables 3.5 and 3.6 
indicates a good fit of the experimental data to Equation 3.4. The x^-test showed 
that the linear model could be accepted with 95% confidence. 
Table 3.5 shows that the normalized heat of immersion, h, was almost the same 
for hexadecane and neohexane, which indicates a similar interaction for these two 
liquids with Illinois No. 6 coal. The value of h for water was slightly lower. The 
large value of h for methanol could have been due to imbibition and/or polar in­
teraction of methanol with oxygen-bearing functional groups (notably -OH) at the 
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Table 3.5: Regression results for Illinois No. 6 coal 
Liquid x-S^ • h, h, ® • Si, X 
Type J/g m J / cm^ cmP'lg 
Water 21.59 11.86 271.2 0.0389 0.972 
Methanol 33.20 19.07 1741 0.0372 0.939 
Heptane 16.24 30.62 530.4 0.0113 0.926 
Hexadecane 10.21 12.53 814.8 0.0174 0.930 
Neohexane 12.10 12.51 967.2 0.0206 0.989 
coal surface [23] - [26]. Imbibition, which tended to create new surfaces (through 
associated swelling of the coal), and interaction of methanol with functional groups 
are exothermic processes. Either of these processes would have caused a high value 
of AH which resulted in a high value of h. 
The exceptionally high value of h for heptane in Table 3.5 was probably caused 
by some interaction between coal and heptane other than wetting. Illinois No. 6 coal 
is a lower rank coal which may contain more waxes and resins. These materials may 
be dissolved by heptane. To study this aspect, heptane and hexadecane were used 
separately to extract fine particles of Illinois No. 6 coal for 4 hr at room temperature, 
and the extracts were analyzed by UV-Vis spectra. The difference spectra between the 
respective extracts and pure heptane and hexadecane were obtained. No significant 
difference between the hexadecane extract and pure hexadecane was found. However, 
strong absorbance peaks in the difference spectrum between heptane extract and pure 
heptane were found at 225 nm~^ and 250 nm~^. The absorbance at 225 nm~^ could 
have been due to carbonyl groups, and that at 250 nm~~^ could have been due to 
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Table 3.6: Regression results for No. 2 Gas Seam coal 
Liquid x - S i  •  h ,  h, x - S i ,  x ,  
Type J/g m J / cm^ cm?" !% 
Water 1.250 4.520 276.5 0.0095 0.974 
Methanol 4.619 9.243 499.7 0.0172 0.916 
Heptane 6.854 4.075 1682 0.0577 0.956 
Hexadecane 2.749 6.634 414.4 0.0142 0.975 
Neohexane 2.643 5.304 498.3 0.0171 0.959 
aromatic rings. These assignments suggested the presence of humic-like materials in 
the heptane extract from Illinois No. 6 coal. 
After obtaining a value of h, the actual internal wetted surface area, a: • 5^-, was 
calculated by dividing the intercept h • • h, by the slope h. The value of x was 
calculated by dividing x • by 5^- which was determined to be 46.40 rn^/g for Illinois 
No. 6 coal by Quantachrome Autoscan Mercury Porosimetry. The results in Table 3.5 
show similar values of x for hexadecane and neohexane for Illinois No. 6 coal, while 
the values of x for water and methanol are about the same. Based on molar volumes 
methanol should have penetrated the coal structure to a greater extent than water. 
However, the higher value of h for methanol due to imbibition and polar interaction 
other than wetting produced a smaller value of x • S^. For this very reason the value 
of x was much lower. 
Table 3.6 shows that the normalized heat of immersion, h, of No. 2 Gas Seam coal 
was much smaller than that of Illinois No. 6 coal shown in Table 3.5. This means 
that the value of h for both coals indicates that Illinois No. 6 coal is much more 
38 
hydrophilic than No. 2 Gas Seam coal. Therefore, the normalized heat of immersion 
may be a very good indicator of surface hydrophilicity for comparing different types 
of coal without being affected by particle size. Again the values of x in Table 3.6 were 
calculated by the same method used for x in Table 3.5. for No. 2 Gas Seam coal 
was determined to be 29.14 m^/g by Quantachrome Autoscan Mercury Porosimetry. 
The value of x for water is much smaller than that for organic liquids, which may 
be because this coal is very hydrophobic; therefore, it is more difficult for water than 
organic liquids to penetrate into the internal pores of No. 2 Gas Seam coal. 
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CHAPTER 4. CHARACTERIZATION OF OXIDIZED COAL AND 
THE EFFECT OF COAL SURFACE PROPERTIES ON OIL 
AGGLOMERATION 
Review of Previous Work 
Ambient temperature surface oxidation of coal changes many physical and chem­
ical properties important in direct utilization and conversion of coal. These properties 
include heating value, hydrophobicity, free-swelling index, liquid yield, coking qual­
ity and amenability to beneficiation. Characterization of the oxidation process is 
challenging in that surface phenomena are involved. Previous investigations utilizing 
a variety of methodologies to oxidize coal under controlled conditions have shown 
that acids, ketones, ethers, hydroxyl groups and other oxygenated compounds are 
produced on the surface [34]. 
The degree of oxidation of coal is usually determined by measuring the oxygen 
functional group content of the coal surface. A widely used method is an ion-exchange 
procedure proposed by Fuchs [41], and later modified by Brooks and Sternhell [42] 
and by S chafer [43] [44]. This method can determine the concentration of surface 
carboxylic acid groups and phenolic groups by leaching the coal with sodium ac­
etate and with barium oxide, respectively. Yet this method can only determine the 
leachable oxygen functional groups. During the last decade, better and more modern 
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techniques have been used to characterize coal oxidation while attempting to find the 
chemical changes on the coal surface. Hfercules [34] used modern microprobe mass 
spectrometry methods including Laser Mass Spectrometry (LMS) and Secondary Ion 
Mass Spectrometry (SIMS) in combination with selected derivatization reduction to 
chemically characterize a complex matrix of coals. This study found that pheno­
lic compounds were produced on the coal surface by oxidation. Fourier Transform 
Infrared Spectroscopy (FTIR) is becoming widely used for determining the oxygen 
functional groups on coal surfaces [45]. 
Ye et al. [40] measured the FTIR spectra of low rank coals which underwent 
thermal treatment at 130 C in air and used a hydrophilicity index calculated from 
FTIR spectra to describe the hydrophobic/hydrophilic character of the coals. The hy­
drophilicity index was defined as the ratio of the abundance of hydrophilic functional 
groups to the abundance of hydrophobic functional groups. Considering hydroxyl 
groups and carboxyl groups as the only hydrophilic groups and aliphatic and aro­
matic CH groups as hydrophobic functional groups, the hydrophilicity index was 
defined as follows: 
.r , . T , {-C00M) + 2{-0H) Hydrophilicity Index = ^ (4.1) 
where (-COOM), (-0H), (R-H) and (Ar-H) are values of the absorption intensity 
for carboxyl, hydroxyl, aliphatic CH, and aromatic CH groups respectively. The 
hydroxyl group intensity was multiplied by 2 in Equation 4.1 because it was thought 
that the hydroxyl group has a dual functionality being able to act as both a hydrogen 
donor and hydrogen acceptor, whereas the carboxyl groupi acts only as a hydrogen 
acceptor. For this reason the contribution to the hydrophilic character of the surface 
by the hydroxyl group was expected to be twice that of the carboxyl group. 
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Numerous methods or techniques have been used to characterize the wetting 
properties of coal. These include contact angle measurement, immersion time mea­
surement, mean critical wetting tension, heat of immersion, induction time for bubble-
particle attachment, etc. [36]. Among these methods, the heat of immersion measure­
ment is more objective, sensitive, and suitable for direct application to coal powders. 
Fuerstenau et al. [36] characterized the wettability of as-reiceived and oxidized 
coals by conducting film flotation experiments with a series of aqueous methanol 
solutions having different concentrations and levels of surface tension. It was found 
that the mean wetting surface tension, which serves as an index of wettability of 
coal, decreases with increasing extent of oxidation. This reflects the increase in 
hydrophilicity produced by oxidation. The flotation yield was found to decrease with 
the increase in oxidation extent. An increase in oxygen functional group content was 
also detected by using potentiometric titration. 
Sadowski et al. [37] oxidized Upper Freeport coal at 150° C for up to 144 hr 
and conducted oil agglomeration tests at various pH values. It was found that with 
increased oxidation time, the surface concentrations of both carboxyl and hydroxyl 
groups were increased. The oil agglomeration recovery with a given oil dosage was 
reduced as well. The effects of oxidation on Zeta potential and contact angle were also 
studied and the results indicated that the relative oleophilic/hydrophilic nature of the 
coal surface is more important in the oil agglomeration process than the electrokinetic 
properties of the system. 
The heat of immersion has been used to determine the wettability of coal and 
other surface properties such as pore structure and surface area. Phillips et al. [39] 
studied the effect of oxidation on the heat of immersion of coal in water, and observed 
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that the heat of immersion of Virginia-C coal increases with oxidation temperature. 
The increase in the heat of immersion can be correlated with the increase in surface 
oxygen-to-carbon ratio determined by Electron Spectroscopy for Chemical Analysis 
(ESCA). The ESCA technique, which involves measuring binding energies of electrons 
ejected by interaction of a molecule with a mono-energetic beam of soft X-rays, can 
yield information about the composition of the surface region of a particle. 
Although a number of researchers have devoted much effort and applied various 
methods to understand the chemical oxidation of coal surfaces and its effect on the 
wetting behavior of coal and impact on surface controlled processes, this subject 
remains poorly understood and more work is still needed. Also more study of the 
relationship between oxygen functional group concentration and other indicators of 
hydrophilicity is needed. 
Experimental 
1. Sample Preparation and Oxidation 
Two coals were selected for this study: No. 2 Gas Seam coal from Raleigh 
County, West Virginia, and Colchester Seam coal from Schuyler County, Illinois. 
The No. 2 Gas Seam coal was selected because of its purity (4% ash, 0.2% 
pyritic sulfur, 0.6% organic sulfur) and good response to oil agglomeration. Previous 
experiments with this coal had shown that this coal is relatively hydrophobic and 
the surface properties of the coal are relatively stable. A portion of this coal was 
prepared by crushing, grinding, and screening. Grinding was accomplished with a 
high speed impact mill. The —70/ 4- 100 mesh (—219/ -f- 149 /itm) size fraction was 
used for the first batch oxidation experiment. A relatively coarse size fraction was 
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chosen because a colleague planned to use some of the coal for the measurement of 
induction time which required relatively large particles. Later for a second batch 
oxidation experiment involving No. 2 Gas Seam coal, —200 mesh (- 75 nm) particles 
(i.e., particles which passed a 200 mesh screen) were selected. This size shift was 
made after realizing that the —70/ + 100 mesh particles were too large for good 
turbidity measurement. 
The Colchester Seam coal is a high volatile C bituminous coal and is similar 
to Illinois No.6 coal. It was selected because of its inherently low ash content. A 
handpicked sample was obtained from the freshly exposed seam in the Cedar Creek 
Mine near Camden, Illinois, on June 13, 1990. This is a surface mine. The sample 
was immediately stored under argon. Later the coal was crushed, subdivided into 
smaller lots, and then again stored under argon. The ash content of the coal was 
found to be 4.5% and the total sulfur content 2.4%. A portion of Colchester coal 
was crushed, ground, and screened in the same manner as No. 2 Gas Seam coal had 
been treated. Particles which passed a 200 mesh screen were collected and divided 
into several portions for oxidation. One portion was oxidized as the first batch of 
Colchester coal had been treated, while the rest was stored under nitrogen for a 
second batch oxidation treatment. 
For each coal, after collecting a sample of the untreated coal, the remaining 
material was spread in a very thin layer in two large aluminum pans which were 
placed in a convection oven set at 150° C. Samples of the treated coal were collected 
after 4, 8, 12, 24, 48 and 72 hr of treatment in the oven. A spinning riffle was used 
to obtain representative samples. After each sampling, the remaining material was 
mixed and respread. In addition, the material was mixed and respread after 2, 6, 
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and 10 hr of oxidation in the oven. 
2. Characterization and Oil Agglomeration of Oxidized Coal 
The samples of both treated and untreated coal were subsequently characterized 
by several different methods which included measurement of induction time, heat 
of immersion in water, and infrared absorption spectrum. In addition, the response 
of the coal to oil agglomeration was determined by monitoring the turbidity change 
of an agitated aqueous suspension treated with increasing amounts of heptane. Oil 
agglomeration recovery or yield was also determined at the end of the turbidity mea­
surement. During an oxidation experiment 13 g coal was collected at each sampling. 
Of this amount 10 g was used for an oil agglomeration test, 1 g was given to a 
colleague for infrared absorption measurement, 1 g was given to another colleague 
for induction time measurement, and another 1 g was used for heat of immersion 
measurement. 
3. Heat of Immersion Measurement 
A 0.3 g sample of coal particles was placed in a glass ampule and sealed quickly for 
the heat of immersion measurement. The remainder of the 1 g sample was then placed 
in a desiccator containing a saturated solution of lithium chloride and stored for 7-
8 days at room temperature for moisture equilibration. The procedure established 
in Chapter 3 for moisture equilibrium of coal particles was used in preparing the 
moisture-equilibrated samples. When moisture equilibrated, the coal samples were 
taken out from the desiccator and immediately sealed in glass ampules for the heat 
of immersion measurement. 50 ml deionized deionized water was used as immersion 
liquid for each heat of immersion measurement at 25 °.C by a TRONAC Model 450 
Isoperibol Titration Calorimeter. The procedure for heat of immersion measurement 
was also described in Chapter 3. 
4. FTIR Spectra 
An FTIR photoacoustic analysis was made on each sample by collaborators S. 
Luo and J. F. McClelland to detect changes of oxygen functional groups on coal 
surface. The peak height of the oxidation differences of various oxygen functional 
groups was determined from the difference spectra of each oxidized coal sample rela­
tive to the unoxidized sample. The peak heights were determined for carboxyl group, 
hydroxyl group, aliphatic and aromatic C-H groups. 
5. Oil Agglomeration Test and Turbidity Measurement 
The oil agglomeration was conducted in the device shown in Figure 4.1. Ten 
grams of raw coal or oxidized coal were prewetted with deionized water. The coal 
suspension was transferred to the 480 ml glass jar which was fitted with an external 
loop of tubing through which the suspension passed to measure its turbidity. Suffi­
cient deionized water was added to completely fill the vessel. After the suspension 
was conditioned for 2 to 3 min by stirring at 5500 rpm, turbidity monitoring was 
started. When agitation was applied, the suspension flowed through the external 
loop, and the turbidity of the suspension was measured with a photometric disper­
sion analyzer. Oil was added through the top of the glass jar in incremental doses 
until a certain predetermined dosage was attained. After the addition of oil, the sus­
pension was screened with a 150 /im sieve to separate the agglomerates and the fines. 
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Both agglomerates and tailings were collected and dried overnight at 100-110° C and 
weighed to determine the agglomeration recovery. 
Results and Discussion 
The heat of immersion in water for both No. 2 Gas Seam coal and Colchester 
coal is shown in Figure 4.2. The difference in the heat of immersion between these 
two coals at zero oxidation time indicates that the raw Colchester coal was much 
more hydrophilic than No. 2 Gas seam coal. With increasing oxidation time, both 
coals showed a similar increasing trend in their heat of immersion which indicates 
that both coals became more hydrophilic with increasing oxidation no matter what 
their original rank was. The heat of immersion of both of these coals was shown to 
increase sharply during the first 24 hr and then slowly afterwards. 
To compare the relative change in the heat of immersion of these two coals, the 
normalized heat of immersion was calculated by means of the expression 
Normalized Heat of ImTnersion{Vo) = j x 100 ( Aii ) f ~ JO 
and is shown in Figure 4.3. In above expression, {AH)i is the heat of immersion of 
the coal which had undergone t hr of oxidation while {AH)q and (Aif)y are the heats 
of immersion of nonoxidized coal and coal which had undergone 72 hr of oxidation, 
respectively. 
Figure 4.3 shows a slight difference in the normalized heat of immersion for the 
two coals. The heat of immersion of No. 2 Gas seam coal increased faster than 
that of Colchester coal in the first 24 hr and then leveled off. The greater rate of 
increase in the heat of immersion during the initial period of oxidation was possibly 
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because the No. 2 Gas Seam coal originally had fewer oxygen functional groups on 
its surface than Colchester coal had; thus more surface sites were available to interact 
with oxygen in the air. The difference in the results for the two coals following 24 hr 
of oxidation are hard to explain. In both cases, the surface of the coal appeared to 
become saturated. 
The FTIR spectrum was measured and the hydrophilicity index was calculated 
by using the formula introduced by Ye et al. [40]. Figure 4.4 shows the FTIR ab­
sorption spectra determined for the raw and oxidized Colchester coal of -200 mesh 
size. The difference spectra was obtained by subtracting the spectrum for the raw 
coal from the spectrum for oxidized coal. Spectrum A in Figure 4.5 represents the 
difference between coal oxidized for 4 hr and the raw coal, and F represents the dif­
ference between coal oxidized for 72 hr and the raw coal. It can be seen that with 
increasing oxidation extent, the absorption intensity of —C=0 at 1710 cm~^ and 
that of -OH at 3400 cm~^ increase, while the absorption intensity of Ar-H at 3030 
cm""^ and that of C-H at 2965 cm~^ decrease. Namely with increasing oxidation, 
the concentration of the hydrophobic functional groups on the coal surface decreases, 
while the concentration of the hydrophilic oxygen functional groups increases. The 
hydrophilicity index was then calculated by taking the ratio the relative absorption 
intensity of the hydrophilic functional groups to that of the hydrophobic functional 
groups as proposed by Ye et al. [40] (see Equation 4.1): 
Hydrophilicity Index = (4.2) ( n  —  n  )  +  [ A r  —  n  )  
However, the expression was modified by taking the absorption intensity of the 
—C=0 group determined at 1710 cm~^ instead of the absorption intensity of the 
—COOM group at 1620 cm~^ as proposed by Ye et al. [40]. The absorption inten­
sity at 1710 cm"^ was chosen because it exhibited greater change with increasing 
oxidation than that at 1620 cm~^. 
Figures 4.6 and 4.7 show how the hydrophilicity index correlated with the heat 
of immersion for the two coals, respectively. 
Both coals showed the same general trend of increasing heat of immersion as the 
hydrophilicity index increased, so it may be concluded that the heat of immersion 
indeed depends on the oxygen functional groups content of the coal surface. The 
correlation between the heat of immersion and. the hydrophilicity index for No. 2 
Gas Seam coal appeared to be linear. A linear regression analysis produced the 
following results: 
AH = -0.439 + 5.627FJ 
with a large correlation coeficient {r^ = 0.9856). HI is the hydrophilicity index. 
However, the relationship between the heat of immersion and the hydrophilicity index 
for Colchester coal did not appear to be linear as observed for No. 2 Gas Seam coal. 
In the range of the initial oxidation period, the correlation seemed to be linear, but 
for oxidation longer than 24 hr, the effect of oxidation on the heat of immersion 
slowed down while the effect of oxidation on the hydrophilicity index continued to 
increase at the same pace. From consulting the peak height changes of carboxyl 
functional groups. The FTIR analysis showed that the carboxyl group content of 
Colchester coal started to decrease after the initial 24 hr period of oxidation while the 
carboxyl group content of No. 2 Gas Seam coal increased during the whole range of 
oxidation. Therefore, for Colchester coal the rate of increase in the heat of immersion 
slowed down because of the decrease in carboxyl functional group content. The 
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hydrophilicity index continued to increase for Colchester coal because of the weighting 
factor given to the hydroxyl group content. The weighting factor for the hydroxyl 
group content offset the small decrease in carboxyl group content in calculating the 
hydrophilicity index. This implies that the heat of immersion is more responsive to 
the carboxyl group content on the surface. The reason that only Colchester coal 
showed a decrease in carboxyl group content is probably because Colchester coal 
originally had a higher content of oxygen functional groups than No. 2 Gas Seam 
coal. When the carboxyl group content reaches a certain level, some other chemical 
reaction may be turned on which consumes carboxyl groups. The No. 2 Gas Seam 
coal originally had fewer oxygen functional groups, so the carboxyl group content 
may not have reached the critical value during thé whole period of oxidation. Also 
a lower rank coal such as Colchester coal is less stable than a higher rank coal such 
as No. 2 Gas Seam coal, therefore, it can undergo thermal decompostion at a lower 
temperature. 
Figure 4.8 shows the turbidity of particle suspensions of oxidized Colchester 
coal following agglomeration with different amounts of heptane. Before the addition 
of heptane, the concentration of coal particles in the suspension was high, so the 
turbidity of the suspension was high. By adding heptane to the suspension, some coal 
particles were agglomerated by the heptane which decreased the concentration of fine 
coal particles and caused the turbidity to decrease. As the unoxidized coal had the 
greatest hydrophobicity, after adding 16 v/w% heptane, the turbidity of this material 
decreased the most. For the coal which underwent 24 hr of oxidation, the turbidity 
decreased less than that of the unoxidized coal for the the same heptane dosage. It is 
because the oxidized coal surface had become less oleophilic or hydrophobic than the 
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unoxidized coal that the agglomeration tendency of the coal decreased. Hence, for the 
same heptane dosage fewer coal particles were agglomerated, the concentration of fine 
particles was higher, and the turbidity was greater. For the coal which underwent 72 
hr of oxidation, the surface became so hydrophilic that the heptane could riot spread 
on the coal surface at all so no coal particles were agglomerated, and the turbidity 
did not change. 
Since a change in turbidity can indicate how much coal has been agglomerated, 
it proved instructive to use the relative turbidity change (RT) which is defined below 
to determine the extent of oil agglomeration: 
RT{%) = -—  ^X 100 (4.3) 
To 
In this expression To is the initial turbidity of the coal/water suspension and Ty the 
final turbidity of the coal water suspension. The relative, turbidity change for the 
agglomeration of Colchester coal was calculated from the data on which Figure 4.8 
was based and the results are presented in Figure 4.9. 
The results in Figure 4.9 indicate that the oil agglomeration recovery determined 
by the traditional method, RC, is proportional to the relative turbidity change. Ap­
plication of linear regression analysis produced the following equation for the straight 
line: 
RC = 4.29 + 1.234AT 
The correlation coeficient was large (r^ = 0.9893). This shows that the relative 
turbidity change can be used to represent the agglomerability of coal. An advantage of 
using this parameter is that it can be determined more easily and and more rapidly 
than oil agglomeration recovery. In addition, it can be determined by an on line 
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instrument and, therefore, it may also provide a way to control an industrial process. 
The relationship between the relative turbidity change and the heat of immer­
sion is shown in Figures 4.10 and 4.11, respectively, for the two coals. The relative 
turbidity change appeared to be inversely proportional to the heat of immersion for 
Colchester coal. However, for No. 2 Gas Seam coal the relationship between the rel­
ative turbidity change and heat of immersion was different. It is seen in Figure 4.11 
that when the heat of immersion was small, the relative turbidity change decreased 
very gradually with increasing heat of immersion, but when the heat of immersion 
was high the heat of immersion decreased sharply. Since No. 2 Gas Seam coal was 
very hydrophobic originally, its response to oil agglomeration in the initial oxidation 
period suggests that there is a range of coal hydrophobicity in which the oil agglom­
eration recovery is not affected greatly by changes in surface hydrophobicity. Only 
when hydrophobic of coal was reduced beyond this range, did the surface properties 
have a significant effect on oil agglomeration recovery. On the other hand. Figure 4.10 
shows that the oxidized Colchester coal which had a heat of immersion of 41.5 J/g 
did not respond to oil agglomeration. Therefore, there seems to be a a lower limit 
of hydrophobicity beyond which oil agglomeration is not possible. This range can 
be expressed quantitatively by heat of immersion. And this range will vary with oil 
agglomeration conditions such as oil type, dosage, coal particle size, and so on. 
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CHAPTER 5. MODIFICATION OF THE SUCTION POTENTIAL 
METHOD FOR THREE-PHASE CONTACT ANGLE 
MEASUREMENT 
Review of Previous Work 
In principle, almost all the methods for measuring the contact angle on a flat 
solid surface in a liquid-air-solid system can be applied to an oil-water-solid system 
to determine the three-phase contact angle. However, it has been questioned whether 
the contact angle measured on a polished flat coal surface will represent an actual 
coal surface[52]. Previous studies have shown that contact angle measurements are 
strongly influenced by variables such as mineral inclusions, pétrographie constituents 
and sample preparation. Additionally, the porosity and surface roughness of the 
coal are important. Such studies have led at least one group to conclude that contact 
angles measured on polished coal surfaces may have very little relevance to the natural 
coal surface [52]. 
Many attempts have been made to measure contact angles of coal particles and 
even to conduct measurements on particles which may be representative of the coal 
separation processes [52]. Wei [53] et al. tried to measure the contact angle for 
individual particles using the interfacial partitioning method for a water-air-solid 
system. The merit of this method is that it can give the distribution of contact angles 
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of individual particles, therefore may give a good prediction of what the maximum 
separation efficiency would be. On the other hand, as the measured contact angle 
varies with the orientation of a single particle, and also varies from particle to particle, 
in order to get a statistically representative contact angle distribution for a portion 
of a sample, measurements must be conducted for different orientations of many 
particles. It may be very time consuming and expensive considering the machine 
time for the image analyzer. 
One method which overcomes many of these problems directly measures the 
contact angle on ground coal particles; it is the so-called suction potential method 
or capillary suction method. It was first developed by Bartell and Osterhof [46] 
in 1927 and later modified by others [47] [48]. The method Bartell established for 
measuring contact angles on rough particles consisted of compacting the particles in 
a bed contained in a sample holder, measuring the pressure required to force a given 
liquid into or out of the bed, and comparing the pressure with that required to force 
a liquid of known contact angle into or out of the bed. 
The bed of powder is assumed to resemble a bundle of equal cylindrical capillary 
tubes of radius, r. The pressure required to force a liquid having a surface tension, 
7]^, and a contact angle, i:^to the bundle is: 
Usually the liquid of known contact angle is chosen as one that wets the solid .so 
that the contact angle is zero. For this liquid the preceding equation reduces to the 
following: 
r 
(5.1) 
^ 272cog ^2 ^ ^ (5.2) 
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Bartell made the assumption that the porous medium consists of uniform cylin­
drical capillary tubes, all with the same' radius. Hence, dividing Equation 5.1 by 
Equation 5.2 gives the contact angle of liquid 1 on the solid particles: 
Pi _ Jicos 9i 
P2 72 
(5.3) 
cos 6i = (5.4) 
^2 71 
A modified version of the suction potential method was developed by Bailey and 
Gray [48] and their apparatus is shown in Figure 5.1. This version has been used 
to study dewatering and drying of coal, soil, and other minerals. Although it was 
considered to be a useful method, it did not gain wide use for many years, probably 
due to its time consuming nature. It was a common complaint of former workers that 
it took a very long time for a single measurement because of the slow approach to 
equilibrium [49]. Many days might be necessary [49] to finish a single measurement. 
Besides being time consuming, it was also a difficult method to use [52]. Yet it 
attracted the attention of research workers at the University of Nottingham [51] [50] 
during the last decade. Brookes and Bethel [51] measured the three-phase contact 
angle for the oil-water-coal system. N-hexane was used as the immiscible oil. Diamine 
was added to the coal-water slurry before the measurement to study the effect of 
diamine dosage on the receding contact angle of water on coal. Handfield-Jones [50] 
used this method to measure the three-phase contact angle for coal and shale. Both 
Brookes and Bethel, and Handfield-Jones used the same version. Recently, Banning 
and Rutter [52] measured the three-phase contact angle for four types of coal by this 
method. The data obtained was compared with that obtained by a bubble-particle 
attachment method. In the last few years, Ayat [54] also used this method to measure 
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Figure 5.1: The suction potential apparutus, after Bailey and Gray[48] 
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the three-phase contact angle with a coal-water-n-hexane system and found that the 
three-phase contact angle measured through the water phase increases with carbon 
content for various rank of coal. 
Modification of the Apparatus 
Figure 5.2 illustrates the three-phase contact angles for, oil and water in an 
ideal capillary. It should be noted that the contact angles are expressed as receding 
contact angles. is the receding contact angle of oil on coal, while #^^0 is the 
receding contact angle of water on coal in the presence of oil. For water-oil and oil-air 
interfaces, the capillary equation may be stated respectively as: 
Po,. - ,,e, 
Eliminating r leads to the following expression assuming that the receding contact 
angle is zero, which is almost certainly the case provided a suitable paraffin 
oil is selected: 
- iKlo)R = (5-7) 
oja 'w/o 
Note that the advancing contact angle for the oil phase measured through the oil 
phase in the presence of water, is related to the receding contact angle for 
the water by the following equation: 
(5.8) 
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Figure 5.2: The simplified model for three-phase contact angles in an ideal capillary, 
after Handfield-Jones[50] 
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The oil advancing contact angle can then be calculated from: 
(5-9) 
o/a 'u)/o 
As the oil advancing contact angle, is directly related to oil displace­
ment of water( or oil spreading against water) on a coal surface in the oil agglomer­
ation process, the suction potential method may be a useful method for predicting 
oil agglomeration performance. Initially the same version of the suction potential 
apparatus used by Bailey and Gray [48] (see Figure 5.1) was used in this study. To 
determine the contact angle, a volume-suction potential curve as shown in Figure 5.3 
must be obtained to give values of and The traditional method is to set a 
suction pressure at a value Pj-, then read the volume of water drained into the burette 
after the flow of water has almost stopped. A preliminary experimental test indicated 
that this method has two major disadvantages as the former workers claimed. One 
is that it is time consuming. It usually takes 40-60 min. to achieve nearly a stable 
volume reading. To obtain a complete curve as in Figure 5.3, it usually takes 16-20 
hr. The other disadvantage is that it is not easily controlled. The pressure incre­
ments must be very carefully selected in order to obtain a complete volume-suction 
potential curve. If the pressure increment is too big, some important points may be 
missed and then it is not possible to determine or On the other hand, 
if the pressure increment is very small, the number of readings will be too large and 
consequently the total time for one run will be excessive . 
After careful examination (see Appendix A), the apparatus and method of op­
eration were modified to overcome the above disadvantages. The modified apparatus 
is shown in Figure 5.4. A pressure adjustment tube and a stop cock were added to 
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one side of the U-tube. The operation was modified by setting the volume instead of 
the pressure to obtain a point for the volume-suction potential curve. As it is easy 
to estimate the whereabouts of an equilibrium point on the curve from, the volume, 
this makes the measurement controllable. Consequently, the number of points can 
also be reduced. Once the volume is set, the flow of water into the burette is stopped 
by turning the stop cock, and the pressure adjustment tube will balance the pressure 
and the pressure will quickly approach a stable point. Then a pressure reading can 
be taken. Normally, the time needed to reach a stable point is only 5-15 min. The 
time required for a complete run is only 2.5 to 3 hr. THe theoretical comparison of 
time required to reach a equilibrium point by the original and modified technique 
was shown in Appendix B. 
Operating Procedure of Three-phase Contact Angle Measurement 
The following standard operating procedure was established for the modified 
suction potential method: 
1. Wash the sample holder, U-tube, and leveling tube with Nochromix and sulfuric 
acid, and rinse these pieces many times with tap water and deionized water. 
When washing the sample holder, fill the sample holder with wash liquid half­
way above the sintered plate and then place it in a beaker and allow the wash 
liquid to flow through the sintered plate slowly. After 8-10 hrs of soaking, 
rinse the sintered plate with tap water and deionized water. 
2. Fill the U-tube with deionized water, connect the sample holder to the U-tube, 
and fill the lower part of the sample holder with deionized water. Be sure that 
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there is no air trapped below or inside the sintered plate of the sample holder. 
Maintaining the water level in the sample holder slightly above the sintered 
plate can prevent air from collecting in the sintered plate. 
3. Wet 40 - 50 g coal of a certain size fraction(MxN mesh) with deionized water 
in a beaker. Pour the slurry on an N mesh screen and wash off the fines with 
deionized water. Collect the particles above the screen and transfer them to 
a three-neck flask together with 200 ml water. Then degas the slurry for 20 
min. by applying a vacuum of 28 in. Hg while stirring. This should get rid 
of the air on the coal surface. When the degassing is completed, transfer the 
slurry back to the beaker. The coal is allowed to settle, and the supernatant is 
removed by décantation to get rid of the fines produced by stirring. The coal 
is resuspended in deionized water. 
4. Transfer the coal slurry to the sample holder and fill the sample holder with 
deionized water. Carefully stir the slurry and allow the coal particles to settle 
while tapping the rim of the sample holder gently to level and smooth the top 
surface of the coal bed. Skim off the floating particles with a piece of filter 
paper. 
5. Apply suction to the sample holder to drain some water from it, and allow the 
water to overflow the U-tube and pass into the burette. Stop draining when 
the surface of the water in the sample holder is about 2 cm above the coal bed. 
Pipette 5 - 7 ml oil onto the water surface and cover the sample holder with a 
piece of filter paper and a glass plate. The coal bed should not be disturbed 
when pipetting oil onto the water. 
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6. Close the stop cock on the left side of the U-tube and allow the water in the 
leveling tube to balance the pressure. When the water level in the leveling tube 
reaches a stable value, the pressure in the system is considered equilibrated. 
Read the volume of water in the burette and the water manometer, and the 
water height in the leveling tube. The so-called suction pressure can then be 
calculated by means of the following equation: 
Af — h — h'p — [h — ha) 
where and hr are the heights of water in the left and right side of the manome­
ter respectively, ha the height of water in the leveling tube when the stop cock 
is open, and h the height of water in the leveling tube when equilibrium is 
reached. 
7. After taking all the readings at one equilibrium point, open the stop cock and 
drain more water from the sample holder and allow another equilibrium point 
to be reached. Repeat the procedure described in step 6. Keep repeating 
this procedure until a complete AF versus AP curve is obtained as shown in 
Figure 5.3. Obtain at least three points for each stage. 
Comparison of the Old Technique and the Modified Technique 
After modifying the method for measuring the three-phase contact angle, the 
three-phase contact angle for oil-water-coal system was measured using both the old 
technique and the modified one in order to compare the reliability and reproducibility 
of the two methods. 
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The three-phase contact angle of Upper Freeport. coal of 40/70 mesh size was 
measured using the old technique and the modified technique and using n-heptane 
as the oil phase. The contact angle was calculated from Equation 5.4. The contact 
angle determined by the old technique was 47.1 ± 0.7 degree, while the contact angle 
determined by the new technique was 48.2 ± 0.3 degree. The contact angle for the 
same coal of a narrower size fraction , 45/70 mesh, was determined by the modified 
technique to be 54.9 ± 0.3. These results indicate that the contact angles determined 
by these two techniques are very similar and that either technique is reproducible. 
However, the old method required 18 - 20 hr and much experience in setting the 
pressure increments. If by chance the pressure increment was set too large, the whole 
measurement would become useless. On the other hand, the modified technique only 
required about 3 hr. 
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CHAPTER 6. THE THREE-PHASE CONTACT ANGLE OF COAL 
AND ITS COMPARISON WITH OTHER SURFACE PROPERTIES 
Introduction 
It has been shown in Chapter 5 that the modified suction potential technique 
can be used to measure the three-phase contact angle of coal particles in an oil-water-
coal system. This angle is a direct indication of the ability of oil to displace water 
from the coal surface. However, to make use of the three-phase contact angle for 
oil agglomeration process development, several related questions must be answered. 
These questions include: How will the coal compositions affect the contact angle 
value? Will the contact angle change with coal particle size? How will the three-
phase contact angle correlate with the heat of immersion and hydrophilicity index? 
Above all, how it is correlated with oil agglomeration recovery? 
In this chapter, measurements of the three-phase contact angles were made for 
graphite and for coals of different rank and for various particle sizes of coal. The 
three-phase contact angle is also reported for oxidized coal, and compared with the 
heat of immersion of coal in water, the hydrophilicity index calculated from the FTIR 
absorption spectrum and the oil agglomeration recovery. 
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Experimental 
The coals used in this study were from several different sources as listed in 
Table 6.1. Their ash and total sulfur contents are listed in both Tables 6.1 and 6.2. 
The coals were crushed by a jaw crusher and a roll mill and screened to obtain the 
desired size fractions. The size fractions were collected and rescreened for 45 min to 
get rid of the fines. 
The three-phase contact angle was measured following the operating procedure 
described in Chapter 5. Heptane or hexadecane was used as the oil phase since these 
materials were used in the oil agglonieration process. 
The heat of immersion of coal in water and the. hydrophilicity index were deter­
mined by the methods described in Chapter 4. 
The oil agglomeration recovery of Upper Freeport coal from Pensylvania was 
determined by the following steps: prewet 10 g coal with 480 ml deionized water, stir 
for 5 min at 5500 rpm in a special closed mixing unit from which air is excluded (an 
air tight kitchen blender), and stir another 8 min after adding 4 ml heptane. Then 
pour the slurry onto a preselected screen, and collect both agglomerates and tailings. 
The agglomerates and tailings are dried in an oven at 120° for 4 hr and are weighed 
to determine the oil agglomeration recovery. 
Colchester seam coal from Schuyler County, Illinois, was crushed and screened 
to obtain the -70/+ 100 mesh fraction. About 450 g of prepared coal was spread in 
a thin layer in four aluminum pans which were placed in an air convection oven set 
at 150°C. Periodically the material was mixed and riffled to obtain a set of samples. 
Each sample was characterized by measuring the three-phase contact angle, the heat 
of immersion in water at 25°C, the infrared absorption spectrum, and the recovery 
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of agglomerates with a given amount of hexadecane. The water receding contact 
angle was measured through the water phase for each sample by the modified suc­
tion potential method described above. The heat of immersion and hydrophilicity 
index were determined by the methods previously reported. A portion of each sam­
ple was suspended in water and agglomerated with hexadecane. The agglomerates 
were recovered on a 50 mesh screen while the tailings passed through the screen. 
Both agglomerates and tailings were dried overnight at 100 — 110°C and weighed to 
calculate the recovery. 
Results and Discussion 
1. Three-phase Contact Angle vs. Rank and Ash Content of Coal 
The three-phase contact angle was determined for graphite and several coals 
from different sources; the size fraction was chosen to be'-45/4-75 mesh. Heptane 
was used. The three-phase contact angle was measured through the water phase and 
calculated by means of Equation 5.7. Table 6.1 lists the experimental values of the 
contact angle. Graphite had the highest contact angle, while for other coals, the 
contact angle seemed to decrease with decreasing rank. The measured contact angle 
seemed to decrease with increasing ash content except for Illinois No. 6 coal. Illinois 
No. 6 coal had the smallest contact angle although its ash content was significantly 
lower than that for Upper Freeport coal and Pittsburgh No. 8 coal. Illinois No. 6 
coal rank was the lowest and it would have had a higher oxygen functional group 
content than Upper Freeport coal. This would have accounted for the lower contact 
angle for Illinois No. 6 coal. This suggests that ash content is not the only factor 
which would affect the three phase contact angle of coal. Interestingly, Ayat [54] 
Table 6.1: Source, rank, ash content and total sulfur content of coals and 
graphite, -45/+70 mesh size, and three-phase contact angle mea­
sured through water phase. Oil phase was heptane 
Materials Source Rank Ash, 
wt. % 
Total sulfur, 
wt. % 
Contact angle, 
degrees 
C: rap hi te Sri Lanka 0.4 0 85.5i: 0.8 
No. 2 CJas Seam coal West Virginia High volatile A bituminous 2.9 0.76 61.6± 0.6 
Upper Freeport coal Pennsylvania Medium volatile bituminous 17.9 2.02 41.6 ± 1.0 
Pittsburgh No. 8 coal Ohio High volatile C bituminous 29.5 4.69 36.6± l.O 
Illinois No. 6 coal Illinois High volatile C bituminous 5.0 3.39 31.6 ± 0.5 
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did not find a good correlation between the ash content of coal and the three-phase 
contact angle in the hexane-water-coal system. 
2. Three-phase Contact Angle vs. Coal Particle Size 
There have been many studies reported in the literature about the dependency 
of contact angle on coal particle size [55]— [57]. Yet the fundamental reason for this 
dependency remains unclear. 
Vargha-Butler et al. [55] used the advancing solidification front technique, an 
indirect method, to determine the critical solidification velocity of coal particles. The 
particle surface tension was subsequently calculated by using the measured critical 
solidification velocity of coal particles. Their results showed that the surface tension 
of coal particles increases with increasing particle size. This would have resulted 
in the decrease of contact angle with increasing particle size. They suggested that 
the decrease in contact angle with increasing particle size was due to an increase of 
inorganic matter in the coal. However, their results showed a very small variation of 
particle surface tension among coals of various ranks. Since the percentage change 
in inorganic mineral content among different sizes of coal particles was much smaller 
than that among coal particles representing different ranks, their explanation for the 
dependency of contact angle on coal particle size was not convincing. So far, no 
other study has addressed the dependency of the oil-water-coal, three-phase contact 
angle on coal particle size. In the present study, the three-phase contact angle was 
determined for Upper Freeport coal of various size fractions in the coal-heptane-water 
system and the results were listed in Table 6.2 along with the corresponding ash and 
total sulfur contents. 
Table 6.2: Three-phase contact angle and oil agglomeration recovery 
of Upper Frccport coal with heptane. The oil dosage for 
agglomeration was 40 v/w % 
l'article Size, Average Size, Ash, Total Sulfur, Contact Angle, Oil Agglomeration 
mesh (U.S. Std.) micron % % degree Recovery, % 
-20/145 530 18.22 2.00 .31.2 1 1.7 69.7 
-45/170 280 J8.0!) 2.02 41.6 :J: 2.3 75.0 
-70/1100 179.5 17.31 2.02 46.64 2.2 82.6 
-100/4 200 UK5 17J[4 2.05 59 I 3 98.0 
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Figure 6.1 shows that the heptane-water-coal, three-phase contact angle mea­
sured through the water phase decreases with increasing particle size. This trend is 
similar to that calculated by Vargha-Butler et al. [55] for the liquid-air:Coal system. 
However, Table 6.2 shows no significant difference in the ash and total sulfur con­
tents among the different size fractions of coal. Therefore, the results were affected 
by some factor other than the mineral content. No convincing explanation has been 
found to explain the relationship shown in Figure 6.1. Perhaps the dependency of 
contact angle on particle size is due to an apparent difference in surface roughness 
for coal particles of different size. It has been shown that surface roughness [58] [59] 
has a dramatic effect on the contact angle. On the other hand, it has also been 
observed that smaller coal particles tend to have a more regular shape and are more 
spherical than are large particles. Also spikes are usually higher on larger particles 
than on smaller particles. Therefore, large particles probably have a rougher surface 
compared to smaller particles, resulting in a smaller contact angle. This coincides 
with the results of Brown et al. [63] as well who found that oil spread more easily on 
a highly polished surface than on a rough surface. 
As shown in Figure 6.2, the oil agglomeration recovery of Upper Freeport coal 
with 40 v/w % heptane (10 g coal, 4 ml heptane) decreased with increasing average 
particle size in a manner similar to the decrease in contact angle shown in Figure 6.1. 
When the oil agglomeration recovery was correlated with the contact angle for Upper 
Freeport coal, a linear correlation was found (see Figure 6.3) which was represented 
by the following equation: 
R = 34.77 -H 1.040 
The correlation coeficient was large (r^ = 0.958). This indicates that for the given 
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agglomeration conditions (stirring speed, oil dosage, etc.), the oil-water-coal, three-
phase contact angle was a most important factor in determining the oil agglomeration 
recovery. 
3. The Results of a Coal Oxidation Experiment 
In order to compare and correlate the results of several different surface char-
acterizatin methods, a sample of coal from the Colchester Seam in Schuyler County, 
Illinois, was oxidized in air at 150 °C. Small portions of the coal were collected at 
intervals and characterized by measuring the three-phase contact angle, the heat of 
immersion in water, and the FTIR absorption spectrum. In addition, the response 
of the coal to agglomeration was determined. Hexadecane was used for oil agglomer­
ation and contact angle measurements. 
a. Comparison of DiflEerent Surface Properties of Oxidized Coal 
Figure 6.4 shows the change in the three-phase contact angle measured through 
the water phase, 9, with increasing oxidation time. The contact angle decreased from 
78° for the raw coal to 25° for coal which had been oxidized for 72 hr; most of the 
change appeared to take place during the first 24 hr of oxidation. This indicates that 
the ability of oil to displace water from the coal surface decreased with increasing 
oxidation. In other words, the coal surface became less oleophilic with increasing 
oxidation time. 
Figure 6.4 also shows that cos# increased as oxidation time increased. This 
pattern is very similar to the effect of oxidation on the heat of immersion in water 
and the hydrophilicity index calculated from the FTIR absorption spectrum (see 
Figures 6.5 and 6.6). Relative values of the hydrophilicity index and the other two 
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surface properties described above are shown in Figure 6.6 as a function of oxidation 
time. The relative value of a given surface property is the ratio of the surface property 
for a particular oxidation time to its initial value. Figure 6.6 showed that the relative 
value of cos 0 increased the most and the relative value of the heat of immersion 
increased the least for any given time of treatment. This suggests that the three-phase 
contact angle may be more sensitive than the other surface properties to changes in 
the coal surface produced by oxidation. Therefore, cos d was compared with the heat 
of immersion in water and the hydrophilicity index. As shown in Figures 6.7 and 6.8, 
both the heat of immersion in water (AH) and the hydrophilicity index (H.I.) varied 
directly with cosB. Linear regression analysis produced the following expressions: 
AfT = 12.04 +14.15 cos 0 (6.1) 
for which = 0.977 and 
^.7. = 0.765 + 3.29 cos g (6.2) 
for which = 0.966. The heat of immersion in water also varied directly with the 
hydrophililicity index as shown in Figure 6.9. The correlation produced by the linear 
regression is. shown below: 
A^ = 9.11 + 4.17^.7. (6.3) 
n 
For this.expression the correlation coeficient was again large [r was 0.949). 
Equation 6.1 relates the heat of immersion to the three-phase contact angle; that 
is, it relates the surface property of coal measured in a water-air-coal system to the 
surface property of coal measured in an oil-water-coal system. Equations 6.2 and 6.3 
relate the contact angle and the heat of immersion in water to the relative concentra­
tions of various organic functional groups on the coal surface. These results show that 
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the different surface characteristics are more or less equivalent or interchangeable for 
oxidized coal at a given particle size and moisture content. 
b. Correlation between Oil Agglomeration Recovery and Surface 
Properties 
The oil agglomeration recovery of oxidized Colchester coal was determined and 
correlated with each of the following surface properties; the three-phase contact angle 
{6), cos^j the heat of immersion in water, and the hydrophilicity index. 
The results shown in Figure 6.10 indicate that oil agglomeration recovery in­
creased with increasing contact angle. They also indicate that with increasing oxida­
tion, the coal surface became less oleophilic, and it was more difficult for hexadecane 
to displace water from the coal surface. Therefore, during the oil agglomeration pro­
cess, there would have been less tendency for oil droplets to attach to the oxidized 
coal particles which resulted in lower oil agglomeration recovery. The recovery of 
agglomerated coal was directly proportional to the three-phase contact angle for ox­
idized coal samples. When a straight line was fitted to the data by linear regression, 
the point corresponding to the raw coal was omitted since it did not appear to be 
in line with the others. These results suggest that the oil agglomeration recovery 
does not decrease significantly as a consequence of oxidation in the upper range of 
contact angle values. Although the contact angle decreased considerably during the 
first few hours of oxidation, it remained relatively large (above 70°). The tendency 
for oil to displace water from the coal surface was still strong enough for oil to readily 
attach to the coal particles, so the oil agglomeration recovery remained high. This 
phenomenon is very similar to what was observed previously with No. 2 Gas Seam 
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coal. The regression line in Figure 6.10 is represented by the following expression: 
Recovery(%) = 4.58 + 0.668^ (6.4) 
for which = 0.972. 
The oil agglomeration recovery of Colchester coal appeared to correlate equally 
well with either cos 9, the heat of immersion in water, or the hydrophilicity index for 
the series of oxidized samples. This can be seen by comparing the results presented 
in Figures 6.10 to 6.13, respectively. However, in most cases the correlations are 
nonlinear. The possible exception is the correlation of the agglomeration recovery 
with the hydrophilicity index. If the first point, which represents the raw coal, is 
disregarded, the remaining points can be fitted to a straight line. Choosing between 
these methods for characterizing the surface of coal will probably depend on other 
considerations. The three-phase contact angle is the only one of the properties which 
directly accounts for the interactions among the oil,water, and coal phases which are 
involved in the agglomeration process. Therefore, it should provide a more direct 
measure of the oleophilicity of coal in a water environment and be the best predictor 
of oil agglomeration performance. It can be used to determine the interaction between 
different coal and oil types. The FTIR absorption spectrum cannot serve this purpose, 
and it would be, though not impossible, much more difficult and indirect to obtain 
such information from the heat of immersion measurement. Measurement of the 
contact angle requires a closely sized sample, but the measurement is unaffected by 
the moisture content of the sample. On the other hand, the heat of immersion is 
sensitive to both particle size and moisture content. The hydrophilicity index is also 
affected by particle size and moisture content, but it does npt seem as sensitive to 
these factors as the heat of immersion appears to be. Furthermore, the hydrophilicity 
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index can be determined easily and quickly when an.FTIR spectrophotometer is 
available. However, the greatest disadvantage of the hydrophilicity index is that it 
is a relative value. The absolute value does not indicate the surface hydrophilicity 
unless the value is compared with a known standard. It is actually a good index for 
characterizing the surface of one type of coal. The three-phase contact angle and the 
heat of immersion are better indicators for comparing coals from different sources. 
Also the three-phase contact angle represents an absolute measure of surface and 
interfacial properties. 
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CHAPTER 7. THE EFFECTS OF COAL SURFACE PROPERTIES, 
OIL PROPERTIES, AND AIR ON THE OIL AGGLOMERATION 
PROCESS 
Introduction 
The oil agglomeration of coal in an aqueous suspension is a process for separat­
ing coal particles from mineral particles based on the difference in surface properties 
of coal and minerals. The factors which are usually considered to affect the agglom­
eration kinetics and recovery are the surface properties of the solids, oil type and 
dosage, intensity of agitation, and the presence of air. Drzymala et al. [60] studied 
the influence of air on oil agglomeration of carbonaceous solids in aqueous suspen­
sion. Their results for the graphite-heptane-water system showed that generally the 
oil agglomeration recovery was higher in the presence of air than in the absence of air. 
Microscopic examination of the agglomerates produced when air was present revealed 
the incorporation of air bubbles in the agglomerates. The effect of n-alkanes of differ­
ent molecular weights on the recovery of Illinois No. 6 coal was also studied, and it 
was found that in the absence of air, the recovery was nearly independent of oil type. 
However, when air was present, lower molecular weight alkanes such as pentane and 
heptane gave a higher recovery than when air was absent. In the presence of air, the 
recovery seemed to correlate with the vapor pressure of the lower molecular weight 
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alkanes. For octane and higher molecular weight alkanes, the presence or absence of 
air had little effect on coal recovery. 
Recently, Allen and Wheelock [62] studied the effect of air on the kinetics of oil 
agglomeration of No. 2 Gas Seam coal and Colchester coal and found with air present 
the initia,l agglomeration rate was faster than when it was absent. 
The effect of air on agglomeration is an interesting and important phenomenon 
which is due to the mechanism of oil-agglomeration. The separation process could be 
improved if the mechanism of attachment and spreading of oil droplets on coal under 
water were better understood. Such understanding would also facilitate the design 
of the oil-agglomeration process. More specifically, this understanding could be used 
to predict minimum residence time for best separation. 
Brown [63] studied the spreading of oil on a wet coal surface, hoping to find con­
ditions under which the spreading coefficient or the work of spreading was zero, that 
is the conditions under which oil would spread spontaneously on a wet coal surface. 
He was interested in finding reagents which would improve the hydrophobicity of coal 
for use in the froth flotation method of coal cleaning. This method like the oil ag­
glomeration process depends on surface properties. Conventional wisdom suggested 
that the easier the oil spread on the wet coal surface, the higher the recovery would 
be by froth flotation. However, Brown found that the best flotation reagents were 
those which spread least readily if the flotation reagents were pure hydrocarbon oils. 
But no satisfactory explanation was given. Also, he found that surface-active agents, 
which increased the contact angle of oil on a coal surface in water and decreased the 
interfacial tension, decreased the work of spreading and made the spreading of oil on 
coal easier. He pointed out that when the coal pores are filled with water, it is not 
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possible for oil to penetrate the pores. For oil to penetrate the coal pores, the coal 
pores need to be at least partially filled with air. 
Moxon et al. [64] studied the effects of surface spreading and pore penetration 
by oil on the froth flotation process for cleaning coal. The maximum flotation yield 
was obtained with a hydrocarbon chain length corresponding to dodecane. The 
flotation yield obtained with shorter chain hydrocarbons was thought to be retarded 
by the penetration of the hydrocarbons into the coal pores, thereby reducing the 
surface concentration of oil. The yield with longer chain hydrocarbons was retarded 
seemingly by the greater viscosity of these materials which reduced their rate of 
spreading on the coal surface. The viscosity effect was overcome by providing a longer 
conditioning time prior to flotation. Although the effect of viscosity was discussed, 
the theory seemed not to fit all the experimental data. 
The present study was aimed at determining how the presence of air on a coal 
surface affects the interaction between oil and coal and how the mechanism of oil 
agglomeration is consequently affected. The three-phase contact angle for the oil-
water- coal system was determined for degassed and non-degassed coal with several 
oil types and the corresponding oil agglomeration response was determined. 
Theory 
1. Definition of Spreading Coefficient 
In the literature, the spreading coefficient for a liquid on a solid or for a liquid 
on another liquid is mainly defined in two ways [9]: (a) the difference between the 
work of adhesion and the work of cohesion, or (b) the partial derivative of the Gibbs 
free energy with respect to the interfacial area when the temperature and chemical 
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potential of the system are constant. However, both definitions lead to the same 
overall results. 
a. The first way of defining the spreading coefiicient can also be expressed as [61]: 
S =  W^-Wc (7.1) 
where W is the maximum reversible work of adhesion by the system, and W(j  is 
the reversible work of cohesion of the liquid that spreads. The work of adhesion can 
also be expressed as follows: 
Wj^ = -isv + liy-lsl (7.2) 
where 'fsv and 7^^ are the surface tension of the solid and liquid, respectively, and 
is the interfacial tension between the solid and the liquid. The work of cohesion 
of the liquid can be expressed as follows: 
= 27/Î, (7.3) 
If the liquid spontaneously spreads on the solid, the maximum reversible work of 
adhesion of the liquid on the solid is greater than the work of cohesion of the liquid; 
then the spreading coefficient becomes 
S = - W(J = 75V - 7^^ - -ysl (7.4) 
For spreading, 5 > 0; nonspreading, 5 < 0. 
b. The second way of defining the spreading coefficient is shown below: 
G is the Gibbs free energy of the system. 
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Vapor c 
Liquid b 
Figure 7.1: A layer of liquid "a" placed on another immiscible liquid "b";8"; 
Consider a system where one liquid is placed on another immiscible liquid as in 
Figure 7.1 [8j. At constant temperature and pressure a small change in the surface 
free energy of the system can be written as 
For an ideal system it can be assumed that the changes of surface area are 
Noting that by definition, the spreading coefficient of "a" on "b" is 
and 
the above equation can be then written as 
^ajb  ~  "^bjc  ~  "^afc  ~  "^afb  ("-ô) 
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2. Spreading of Oil on a Coal Surface in a Water Environment 
The preceding equation can be applied to the water-coal-oil system depicted in 
Figure 7.2 if the assumption about the change in surface area still holds. 
Figure 7.2: An oil-water-coal system. 9 is the three-phase contact angle measured 
through the oil phase and /3 is the three-phase contact angle measured 
through the water phase 
Then the spreading coefficient for oil on coal in the water environment can be 
written as 
WATER 
COAL 
Substituting the Young-Laplace equation, 
"/w/c-^o/c = ")o/w 
into Equation 7.7 gives 
(7.8) 
or since cos $ — — cos 3, the equation can also be written as 
(7.9) 
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As Zisman [9] pointed out, an "initial spreading coefficient" exists for the con­
dition that can initiate spreading; a "final spreading coefficient" exists for the condi­
tions that once spreading has occurred the liquid can remain spread. Noting that the 
Young-Laplace equation corresponds to the mechanical equilibrium of a drop resting 
on a flat solid surface, the spreading coefficient calculated by means of Equation 7.8 
or Equation 7.9 then corresponds to the so-called "final spreading coefficient" which 
describes the equilibrium state. Therefore, the value and sign of the spreading coeffi­
cient directly relates to the readiness of spreading of a liquid on a solid surface. When 
So/cfw = 0) ^ = 0) the oil spreads or completely wets the coal; when > 0, 
0 > 0, and the oil partially wets the coal. Straight chain hydrocarbon oils such as 
heptane and hexadecane usually spread spontaneously on a dry coal surface. How­
ever, droplets of these oils placed on coal surfaces immersed in water did not spread 
spontaneously over the surface, but remained as discrete droplets displaying a finite 
contact angle between the oil-water interface and the coal surface [63] - [66]. Also 
the contact angles reported in Chapter 6 for the oil-water-coal system were finite. 
3. Spreading of Oil on a Coal Surface in an Air Environment 
An equation similar to Equation 7.9 can be written for the coal-oil-air system as 
follows: 
where ^o/c/a contact angle for an oil drop formed on a dry coal surface mea­
sured through the oil phase. 
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4. Liquid Bridges and Binding Force Between Coal Particles 
Liquid bridges and the binding force between coal particles are important in the 
formation and stabilization of agglomerates in suspension [67] [68]. Jacques et al. [67] 
analyzed the stability of a particle attachment to immiscible liquid droplets dispersed 
in a bulk liquid phase in terms of the change in free energy. Factors such as the 
dispersed liquid droplet/particle size ratio (n), three-phase contact angle (0) and 
liquid-liquid interfacial tension {jij) were considered. The most stable state was 
shown to result when 9 —> 0, and n —> oo, corresponding to. a small three-phase 
contact angle and a large dispersed droplet. 
Good and Islam [68] analyzed the stability of agglomerates in terms of the me­
chanical force provided by a liquid bridge between two coal particles. Good and 
Islam [68] and Good et al. [69] assumed that in oil agglomeration coal particles are 
enveloped in oil and water droplets serve as liquid bridges between coal particles, 
providing cohesive mechanical strength for the agglomerates. In cases where coal is 
very hydrophobic or very oleophilic as in the case of anthracite, the oil may coat 
the anthracite particles. Water may serve as the liquid bridge between anthracite 
particles. However, this binding mechanism may not be true for other coals. 
In oil agglomeration, when oil is added to a coal-water suspension under agita­
tion, oil becomes the dispersed phase. When oil droplets attach to coal particles in 
water, they tend to form a finite three-phase contact angle. As shown in Chapter 6, 
the three-phase contact angle measured through the water phase ranged from 61.6 
degree for No. 2 Gas Seam coal (high volatile A bituminous) to 31.6 degree for Illi­
nois No. 6 coal (high volatile C bituminous). Therefore, the oil could not completely 
displace water from the surface of such coal particles, and since the oil was the dis-
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parsed phase, it served as the liquid bridge between coal particles. The configuration 
of the liquid bridge between two coal particles similar to that proposed by Good and 
Islam [68] is indicated in Figure 7.3. This diagram differs from that by Good and 
Islam [68] because oil is considered as the bridge. 
The net force, f, between the plates shown in Figure 7.3 is given by 
f  - . 2 p  - f o w  '  s i n d  (7.11) 
where p is the perimeter of the circle in which the drop surface intesects the solid. 
The oil-water-coal three-phase line is assumed to be stationary and hysteresis of the 
contact angle allows the contact angle to vary when the distance between the two 
plates, d, changes [68]. Equation 7.11 shows that as the contact angle, 6, decreases 
between 90 and 180 degrees, the net force, f, also increases; that is, the resistance 
of the two particle aggregate to an increase in the distance between the two plates, 
d, increases. In other words, if a coal is hydrophobic which corresponds to a large 
contact angle, the probability of an agglomerate sustaining a shearing force is also 
large, which may result in a high agglomeration recovery. 
The preceding configuration will also hold for pyrite and other mineral particles 
(see Figure 7.4). The three-phase contact angle determined for fresh pyrite was 
34.6 degrees and for oxidized pyrite 42 degrees. The particle size in both cases 
corresponded to -70/+100 mesh. When the distance, d, increases, 6 will increase, 
and the net force, f, will increase. The oil bridges between pyrite particles will still 
be able to resist an increase in d. However, since the contact angle, 9, for pyrite is 
smaller than that for high rank coals, the force binding a pyrite agglomerate will be 
smaller than that binding a coal agglomerate. 
water 
water 
/ / 
\ 
/ 
/ 
coal coal 
/ 
'OW Sin 0 
/ \ \ d + A d 
Figure 7.3: A liquid bridge, formed by a droplet of oil in water between two coal 
particles, responses to an increase in distance between coal particles 
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Figure 7.4; A liquid bridge, formed by a droplet of oil in water between two pyrite 
particles, responses to an increase in distance between pyrite particles 
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Experimental 
1. Three-phase Contact Angle for Degassed and Nondegassed Coal Par­
ticles 
No. 2 Gas Seam coal from West Virginia was used for the three-phase contact 
angle measurement. The coal was crushed by a jaw crusher and ground in a roll 
mill. The -45/+70 mesh size fraction was used. The ash and total sulfur contents 
of this specific size fraction were 2.9 % and 0.76 %, respectively. The coal sample 
was divided into a number of portions by a spinning riffle. Each portion weighing 
about 35 g was used for a single measurement. The coal was wetted with deionized 
water in a beaker and poured onto a 70 mesh screen. The coal was washed on the 
screen with deionized water in order to remove most of the fine particles which passed 
through the screen. The washed coal was mixed with water to form a slurry. In some 
cases the coal slurry was degassed while in other cases it was not degassed before 
being put into the sample holder for determining the three-phase contact angle. The 
nondegassed coal slurry was stirred in a open beaker for 5 min. with a Cole-Palmer 
laboratory stirrer. The coal slurry which was to be degassed was stirred in a closed 
flask connected to a vacuum pump. Stirring was continued for 15 — 20 min while 
applying a vacuum of —660 mmHg. The three-phase contact angle was determined 
by the modified suction potential technique described in Chapter 5. 
Four oils were used. They included: pentane from Kodak (BP 35°C), heptane 
from Burdick and Jackson Lab, Inc. (distilled in glass, BP 98 — 99°C), 99.7 mol% 
decane form Fisher Scientific, and 99 mol% hexadecane from Aldrich. 
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2. Oil Agglomeration Tests 
No. 2 Gas Seam coal from Raleigh County, West Virginia, and Colchester Seam 
coal from Schuyler County, Illinois, were used. No. 2 Gas Seam coal was much more 
hydrophobic than Colchester coal and, therefore, more difficult to wet. Both coals 
were ground in the dry state with a high-speed impact mill to pass a 200 mesh (75 
/tm) screen. The ground material was divided with a spinning riffie into a number of 
8 g portions to usé in the individual agglomeration tests. 
To degas the coal, 8 g of coal was first added to 200 ml of water in a beaker which 
was stirred with a magnetic stirring bar until the coal appeared completely wetted. 
The mixture was transferred to a round bottom flask which was fitted with a mechan­
ical agitator and connected to a vacuum pump. Over a period of 5 min. the vacuum 
was increased gradually to — 660 mmHg while the suspension was stirred. The vac­
uum was then maintained for another 10 min. The suspension was transferred to 
the closed system agglomeration unit where sufficient water was added to completely 
fill the 480 ml vessel. The suspension was conditioned for 2 to 3 min. by stirring 
at 5500 rpm. An agglomérant was subsequently added in a series of small measured 
increments while the turbidity of the suspension was monitored with a photomet­
ric dispersion analyzer. After each addition the turbidity was allowed to stabilize 
before recording its value. The reproducibility for the turbidity measurement was 
determined to be 96 % to 98 %. 
For the tests which did not involve degassing, 8 g of coal was added to 300 ml 
water in the agglomeration vessel. The mixture was stirred briefly at 5500 rpm to 
wet the coal. Sufficient water was added to completely fill the 480 ml vessel, and the 
suspension was conditioned, and the agglomeration was carried out as described for 
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the degassed coal. 
A series of agglomeration experiments was conducted using different paraffinic 
hydrocarbons which ranged from pentane with a chain length of five carbon atoms to 
a purified paraffin oil having an average chain length of 30 carbon atoms. The latter 
was a mixture of relatively long-chain hydrocarbons obtained from Fisher Scientific. 
The other hydrocarbons were the same as those used for the three-phase contact 
angle measurements described previously. 
Results and Discussion 
1. Effects of Air on the Coal Surface 
The relative turbidity for both degassed and nondegassed No. 2 Gas Seam coal 
was plotted against the oil dosage, v/w%, for different types of oil in Figures 7.5 
to 7.10. The relative turbidity plotted in these figures is the ratio of the turbidity 
achieved with a given oil dose to the initial turbidity of the coal suspension. Most of 
the oils were straight chain paraffinic hydrocarbons ranging from pentane with five 
carbon atoms to a purified paraffin oil having an average chain length of 30 carbon 
atoms. Except for pentane and n-octanol, the extent of agglomeration achieved 
with smaller oil doses was considerably greater for nondegassed suspensions than 
for degassed suspensions. However, when the oil dosage increased to 8 v/w% and 
beyond, the results were very similar for degassed and nondegassed suspensions. 
In order to complete the picture, the same experimental study was conducted 
for Colchester coal and the results are plotted in Figures 7.11 - 7.15. The results 
with Colchester coal showed that the presence or absence of air had little or no eff'ect 
on the agglomeration process, as the extent of agglomeration for both degassed and 
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nondegassed coal was almost identical. 
A reasonable explanation for the difference in the extent of agglomeration for 
degassed and nondegassed No. 2 Gas Seam coal suspensions could be that it is easier 
for oil to displace air than water from the surface of the coal. 
To prove this theoretically, the spreading coefficient was calculated and compared 
for degassed and nondegassed coal. For degassed coal, no air bubbles or air film exist 
on the coal surface. An oil droplet must replace water from the coal surface in order 
to attach to the coal particle. In this case the spreading coefficient Sofclw can be 
calculated by Equation 7.9 using the contact angle measured for the degassed coal 
(see Table 7.1). The calculated spreading coefficient for degassed No. 2 Gas Seam 
coal is listed in Table 7.2 for each of the oils. The spreading coefficient for 
several hydrocarbons on No. 2 Gas Seam coal is smaller than zero, therefore, work 
is needed for these oils to displace water from the coal surface. It was observed that 
water does not readily spread on the surface of No. 2 Gas Seam coal and it was very 
difficult to get the coal surface completely wetted unless degassing was used; that is, 
air bubbles or an air film existed on the surface of nondegassed No. 2 Gas Seam coal. 
When air bubbles or a film existed on the coal surface, oil droplets contacting the 
air bubbles or film tended to become attached to the air bubbles or film and then 
replaced the air from the coal surface. 
In our study of the interactions among oil, air, and coal, a flat polished surface 
of No. 2 Gas Seam coal was immersed in deionized water. With no degassing, there 
were many air bubbles on the coal surface which could be seen under a microscope. 
Figure 7.16 shows the observed phenomenon when a tiny oil droplet was placed onto 
an air bubble. The oil first spread over the air-water interface towards the coal-
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Table 7.1: Three-phase contact angle measured through 
the water phase for degassed and nonde-
gassed No. 2 Gas Seam coal, -45/4-70 mesh 
^o/a' 
dyne/cm 
'^ojw ' 
dyne/cm 
Contact angle, degrees 
Oil type Degassed coal Nondegassed coal 
Pentane 16.0 49.0 45±1 74±1.5 
Heptane 20.1 50.1 61±1 66 ±1.5 
Decane 2&8 51.2 61±1 69±1.5 
Hexadecane 27.47 50.1 61±1 67±1.5 
Table 7.2: Spreading coefficient for different types of 
oil to replace water or air from the surface 
of No. 2 Gas Seam coal 
Oil type Spreading coefficient, 
for oil to replace water, 
^o/c/w' dyne/cm. 
Spreading coefficient 
for oil to replace air, 
-^o/c/a' dyne/cm. 
Pentane -83.65 0 
Heptane -74.39 0 
Decane -76.02 0 
Hexadecane -74.39 0 
77777777 77 77 
AIR 
OIL 
777 
COAL COAL COAL 
Stage I Stage II Stage III 
Figure 7.16: The process whereby an oil droplet replaces an air bubble from a No. 
2 Gas Seam coal surface immersed in water 
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air interface (stage I). When the oil reached the coal surface, the air-coal interface 
was totally replaced by the oil-coal interface, and the air bubble became detached 
from the coal surface (stage II). The detached air bubble inside the oil droplet then 
rose to the top of the oil droplet (stage III), and became detached from the oil 
droplet. Equation 7.10 could then be applied to calculate the corresponding spreading 
coefficient. Since the oils listed in Table 7.2 readily spread on the surface of coal in an 
air environment, the contact angle, is zero for each of these oils, therefore, 
the spreading coefficient, calculated by Equation 7.10 is zero for each of these 
oils (see Table 7.2) which means that no work is required for these oils to displace 
air from the coal surface. Therefore, it is easier for an oil droplet to displace air than 
water from coal surface for No. 2 Gas Seam coal. 
Consider the attachment of oil droplets to coal particles as taking place in two 
stages: (a) collision of oil droplets and coal particles and (b) displacement of water 
or air from the coal surface. The probability of oil becoming attached to coal, P, can 
be related to the probability of collision between coal particles and oil droplets, 
and the probability of displacement of water or air from the coal surface by oil, fg; 
by the following expression: 
P = Pi X 
where 
P : 
"2 c 
^o/cjw ^o/c/a 
Since is greater than the presence of air increases the overall 
probability of attachment of oil droplets to coal particles, and consequently increases 
the extent of agglomeration with low oil dosage. However, since there are only a 
limited number of air bubbles on the surface of nondegassed coal, most of the air 
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bubbles will be displaced by oil during the early stage of agglomeration. Therefore, 
as the presence of agglomeration is continued by adding more oil, the initial advantage 
of having air present on the surface will be lost and the response of degased coal to 
oil agglomeration will be similar to that of nondegassed coal. This probably explains 
why the coal recovery was higher for nondegassed coal than for degassed coal at low 
oil doses but not at high oil doses, as reported in Figures 7.6 - 7.10. 
With increasing oil dosage, the number of oil droplets in the suspension increases 
and so does the probability of oil droplets colliding with coal particles, P^- The 
overall probability of oil droplets becoming attached to degassed coal will increase 
too. Figures 7.6 - 7.10 show that when the oil dosage increased to 8 v/w% or more, 
there was a sharp drop in relative turbidity for degassed coal suspensions, which 
seems to support this theory. 
When pentane was used, the difference in oil agglomeration response between 
degassed and nondegassed No. 2 Gas Seam coal was very small (see Figure 7.5), 
and this may have been because in the case of a nondegassed coal suspension, a 
portion of the pentane was carried away by air bubbles and was not available for 
agglomerating coal particles (details are described in next section). Although the 
presence of air bubbles made it easier for attachment between pentane droplets and 
the coal particles, the loss of pentane causd by air bubbles offset this effect. 
In comparison with the other hydrocarbons, pentane is more soluble in water 
which may retard the decrease of turbidity of the suspension in the low oil dosage 
range, as less oil is available for agglomerating coal particles. This may explain why 
the behavior of Colchester coal with pentane (see Figure 7.11) is different from that 
observed with other hydrocarbons (see Figures 7.12 - 7.15). 
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When a long chain alcohol( n-octanol) was used as an agglomérant, the turbidity 
of the coal suspension declined very little until more than 4 v/w% (or 0.32 ml) n-
octanol had been added (see Figure 7.10). Up to this point, most of the n-octanol 
would have dissolved in the water and would not have been available for agglomerating 
coal particles. 
Degassing appeared to have little or no effect on the agglomeration response of 
Colchester coal suspensions( see Figures 7.11 - 7.15). It was observed that water 
readily spread on the surface of Colchester coal. In other words, Colchester coal was 
completely wetted by water without degassing. This meant that water would have 
displaced air almost completely from the surface of Colchester coal. Since air would 
not have been present coal surface, degassing would have had no effect. This explains 
why Figures 7.11 - 7.15 indicate no difference in the extent of agglomeration between 
degassed and nondegassed Colchester coal. 
2. Effects of Oil Types on Agglomeration Response 
Figure 7.17 compares the oil agglomeration response of degassed No. 2 Gas Seam 
coal with various hydrocarbons. In the absence of air, the oil viscosity and spreading 
coefficient may be the two most significant factors which affect the oil agglomeration 
response. 
Figure 7.18 compares the oil agglomeration response of nondegassed No. 2 Gas 
Seam coal with different hydrocarbons. In the low oil dosage range (4 v/w% and 
below), the suspension with hexadecane underwent the largest change in relative 
turbidity, while the suspension with pentane underwent the smallest change. The 
relative turbidity (RT) of the suspensions with various oils decreased in the following 
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order: 
^'^pentane ^  ^"^heptane ^  ^'^decane ^  ^'^hexadecane ^  ^"^paraffin 
This order is similar to the order of the surface tension of these oils: 
Ipentane ^  "^heptane ^  fdecane ^  "^hexadecane ^  "ïparaffin 
The following theory is offered to explain the effect of different oils on agglomeration 
response. Since the surface tension of pentane is very small, pentane can very easily 
spread on air bubbles. Therefore when pentane displaces an air bubble from the 
coal surface in water, some of the pentane will be removed with the air bubble 
instead of coating the coal [63]. This results in less pentane being available to bridge 
between coal particles, and consequently reduces the oil agglomeration response which 
is reflected by a smaller change in relative turbidity. A hydrocarbon having a longer 
chain length and larger surface tension will spread less readily than pentane and 
less will be carried away by air bubbles. Therefore, more oil will be available for oil 
agglomeration, and the relative turbidity change will consequently be larger. 
The preceding analysis does not explain the larger relative turbidity correspond­
ing to a paraffin oil dosage of 0.5 v/w%. This anomaly may have been due to both the 
high viscosity and high surface tension of the oil which made it difficult to disperse 
in water. 
Figure 7.18 also indicates an inversion point in the order of relative turbidity of 
coal suspensions with different oils. At an oil dosage of 4 v/w % the relative turbidity 
is almost identical for coal suspensions agglomerated with different oils. With an oil 
dosage higher than 4 v/w %, the order in the relative turbidity produced by different 
oils is opposite to that produced by different oils applied in smaller doses. This 
135 
Table 7.3: Three-phase contact angle and oil agglomeration response 
for degassed and nondegassed No. 2 Gas Seam coal with 
various oils, oil dosage was 16 v/w% 
Degassed coal Nondegassed coal 
Oil 
Contact angle, 
degrees 
Relative 
turbidity 
change, % 
Contact angle, 
degrees 
Relative 
turbidity 
change, % 
Pentane 45±1 95 74±1.5 95 
Heptane 61±1 88 66 ±1.5 93 
Decane 61±1 88 69±1.5 92 
Hexadecane 61±1 89 67±1.5 91 
suggests that with an oil dosage greater than 4 v/w %, most of the air bubbles have 
been displaced by oil; therefore, the effect of air no longer exists. The probability 
of oil droplets becoming attached to coal particles then only depends on the same 
oil-water-coal interactions as for degassed coal. Hence, the order in relative turbidity 
change becomes the same as for degassed coal. 
As has been discussed previously, no air existed on Colchester coal in a stirred 
suspension. Hence, the difference in relative turbidity between different hydrocarbons 
shown in Figure 7.19 for Colchester coal is similar to that for degassed No. 2 Gas 
Seam coal. 
Table 7.3 compares the measured three-phase contact angle and the relative 
turbidity change for degassed and nondegassed No. 2 Gas Seam coal with different 
hydrocarbons. It can be seen that degassed coal corresponds to smaller three-phase 
contact angles than nondegassed coal, which explains the lower relative turbidity 
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changes observed for degassed coal than for nondegassed coal. However, except for 
pentane no differences in both the three-phase contact angle and the relative turbidity 
change were observed between different hydrocarbons. 
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 
Heat of Immersion 
1. The heat of immersion can be used as an indicator for characterizing the surface 
of coal used in an oil agglomeration process. 
2. The heat of immersion decreases with increasing coal moisture content, in­
creases with decreasing coal rank, and varies with liquid type. The heat of 
immersion per unit mass (J/g) increases with decreasing particle size. There­
fore, when comparing this surface property for different coal samples, the heat 
of immersion should be determined using coal samples having the same mois­
ture content and particle size. The standard procedure described in Chapter 
3 is recommended for equilibrating the coal moisture content. When compar­
ing the heat of immersion of different coals or the interaction between a given 
coal and various liquid types, the comparison should be made for particles of 
the same size. Otherwise, the heat of immersion (J/g) must be measured for 
various size fractions and the comparison made based on the heat of immersion 
per unit of actual wetted surface area, h, which can be calculated by means of 
Equation 3.4. 
139 
Three-phase Contact Angle 
1. The modified suction potential technique for three-phase contact angle mea­
surement is more reliable and less time consuming than the original method. 
2. The measured three-phase contact angle varies with coal rank, mineral matter 
content of coal, and oxygen functional group content on the coal surface. 
The Effect of Coal Surface Oxidation 
1. The concentration of hydrophobic functional groups on the coal surface de­
creases with increasing oxidation, while the concentration of hydrophilic groups 
increases. Consequently, the hydrophilicity index increases with increasing ox­
idation. 
2. Both the heat of immersion in water and the three-phase contact angle depend 
on the oxygen functional group content and correlate with the hydrophilicity 
index. The heat of immersion of coal in water increases with increasing oxi­
dation, and the three-phase contact angle measured through the water phase 
decreases. 
3. The oil agglomeration response is degraded by oxidation of coal for a series of 
coal samples which have been oxidized to varying degrees. The oil agglomer­
ation response of such a series correlates with the heat of immersion in water 
and also with the three-phase contact angle. 
4. The relative turbidity change can be used as an alternative way to describe the 
agglomeration response. It can be determined more easily and more rapidly 
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than oil agglomeration recovery. 
Involvement of Interfacial Phenomena in the Oil Agglomeration Process 
1. Agglomerates are held together by oil bridges between coal particles. The 
oil-water interface of the bridge provides a force normal to the coal surface 
which holds the coal particles together. The magnitude of the force is / = 
2p • jow • sin0. The more oleophilic/hydrophobic the coal surface, the smaller 
the three-phase contact angle, d, measured through the oil phase and the larger 
the net force, f. An oil having a larger interfacial tension with water will provide 
a stronger force than an oil having a smaller interfacial tension with water. 
2. The measured three-phase contact angle for the oil-water-pyrite system indi­
cates that it is possible for oil to attach to pyrite particles, fresh or oxidized, and 
to agglomerate the pyrite particles. This explains the difficulty in completely 
separating pyrite from coal by the oil agglomeration process. It also suggests 
that to obtain a better separation between pyrite and coal, the three-phase con-
tct angle of pyrite measured through the oil phase must be increased, and/or 
the three-phase contact angle of coal measured through the oil phase must be 
reduced. 
3. The presence of air bubbles or an air film on a hydrophobic coal surface will 
favor the attachment of an oil droplet to the coal surface, and therefore will 
promote a higher initial agglomeration rate than would be experienced with 
degassed coal particles. 
4. Water can completely replace air from a hydrophilic coal surface, and therefore. 
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degassing a hydrophilic coal suspension had no effect on the agglomeration 
process. 
5. The surface tension and viscosity of the oil used for agglomeration may be 
important when air bubbles or an air film are present on a hydrophobic coal 
surface. The lower the surface tension of the oil, the more likely that some will 
be carried away by air bubbles, so less oil will be available for agglomerating 
coal particles. On the other hand, oils having a large surface tension will also 
tend to be more viscous and more difficult to disperse. 
Recommendations 
A mathematical model which includes the physical forces involved in the agglom­
eration process should be developed to describe the effects of coal surface properties, 
oil types, oil dosage, stirring speed and other agglomeration conditions on the ag­
glomeration performance. The effect of viscosity of oils should be studied as well. The 
heat of immersion and the three-phase contact angle can be used to characterize the 
surface properties. The oil agglomeration response can be determined by measuring 
the oil agglomeration recovery or relative turbidity change. Coals representing a wide 
ranges of surface properties and oils having a broad range of interfacial tension with 
water, and oils having a broad range of viscosity should be used to test the model. 
A new process which utilizes both oil droplets and air bubbles in the agglom­
eration process cna be developed to improve the oil agglomeration response of both 
hydrophobic and hydrophilic coal. 
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APPENDIX A. AN ANALYSIS OF THE THREE-PHASE CONTACT 
ANGLE MEASUREMENT SYSTEM 
Nomenclature 
A = cross-sectional area of the sample holder, cm/^ 
a' = cross-sectional area of the bed voids, cm^, 
h j  = the height of water overflow, cm 
hw = the height of water from the base line to the top surface of the 
sintered plate, cm 
Ahi = the height of oil, cm 
A/i2 = the height of water above the coal, cm 
A/13 = the maximum height of water in the coal bed, equivalent 
to the height of coal, cm 
A/14 ~ the height of water in the coal bed, when the oil-air 
interface just reaches the surface of the coal bed, cm 
Pa = atmospheric pressure, cm H2O 
Ps = vacuum pressure of the system, cm H2O 
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suction pressure needed to overcome the surface tension 
of the water-oil interface on the coal surface, cm H^O 
suction pressure needed to overcome the surface tension 
of the oil-air interface on the coal surface, cm H2O 
suction pressure needed to overcome the surface tension 
of the water-oil interface on the surface of the sintered plate, 
cm H2O 
pressure difference measured by manometer, cmJfgO, 
i = 1,2,3... 
void fraction of coal bed 
density of oil, g/cm^ 
density of water, g/cm^ 
Hydraulic and Mechanical Analysis of the System 
A hydraulic and mechanical analysis was made of the system illustrated by Fig­
ure A.l. A layer of coal particles is placed in the sample holder on the sintered plate. 
The coal bed is immersed in deionized water. At the beginning of the measurement, 
the water level is set above the top surface of the coal bed. A layer of oil which is 
immiscible with water, is placed on top of the water. 
At the start, the fluids are still and the following pressure balance applies: 
Pg -{• h f = Pa + hyj -f A/iq -f A/12 + A/ij^ • —— (A.l) 
J Pw 
Pa ~  Ps  — ~  hy j )  ~  (AAg +  A/12  +  A/ i ]^  •  ^—)  
• '  Pw 
AP c/w/o 
AP c/0/0 
AP sjwjo 
^6 
Po 
Pw 
149 
To Vacuum Pump 
Manometer 
— water 
— coal 
To Burette 
Sintered Plate 
• Base Line 
Figure A.l: A detailed illustration, of the critical portion of the three-phase contact 
angle measurement apparatus 
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where {Pa — Ps) is the pressure difference AP^ measured by the manometer. The 
initial manometer reading will be given by the expression, 
AP^ = [hf — h-w) — (A/13 + A/12 ^^1 • (A.2) 
•' pw 
As the suction pressure is increased, water is drawn through the bed and A/12 
decreases. When the water-oil interface reaches C, A/12 0- At this point, Equa­
tion A.2 becomes 
AP^ -• {hf — hyj) — (A/tg + A/i]^ • ^—) (A.3) 
• '  •  Pw 
Since [hj — hw) remains constant during the whole procedure, the incremental change 
in suction pressure for this step is given by subtracting Equation A.2 from Equa­
tion A.3: 
AP& - AP4 - A/12 (A.4) 
The preceding analysis assumes that the loss of oil is negligible, that is, A/i^ is 
constant before oil is drawn into the coal bed. 
A larger pressure is needed to overcome the surface tension and draw the water-
oil interface into the coal bed. At the point that the water-oil interface just starts to 
enter the bed, the pressure balance becomes: 
APm = {hj — hw) - (A/13 + '^''•1 • + ^ ^cfwlo (A.5) 
The incremental change in suction pressure required for drawing the water-oil inter­
face into the bed is given by subtracting Equation A.3 from Equation A.5: 
(yL6) AP^ - AP^ = AP c/w/o 
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Assuming that ^Pclwjo ^^mains constant, once the interface has started to 
move, only A/13 in Equation A.5 will change as water is drawn through 
the bed. As the oil is drawn into the bed, however, the height of the oil layer will 
increase because A' is smaller than A. When the oil-air interface reaches the surface 
of the bed, at point C, the water-oil interface reaches point D. The height of water 
in the bed is Therefore, the height of the oil layer in the bed is 
AhiA AhiA 
'h 
hence. 
A/ig - A/14 = (A-7) 
A/14 = A/13 " (A.8) 
At this point the pressure difference measured by the manometer is given by the 
expression, 
= (hf - hw) - A/tg - ^ (A.9) 
Subtracting Equation A.5 from Equation A.9 gives the incremental change in suction 
pressure for the step in which the oil layer is drawn into the bed. 
APi - API = ^  - Ahi)^ (A.10) 
Sb P'W 
A higher pressure is needed to draw.the oil-air interface into the coal bed. When 
the oil-air interface is just about to enter the bed, the manometer reading will be 
^Pm = {hf - hw) - A/13 - ^ + ^Pclwlo + ^^c/o/a 
The incremental change in suction pressure required to draw the air-oil inteface into 
the bed is given by subtracting Equation A.9 from Equation A.11. 
APi - APi = AP^i^i^ (A.12) 
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As the oil-air interface moves down through the bed, the water-oil interface will 
eventually touch the top surface of the sintered plate. Since the resistance of the 
sintered plate to the water-oil interface is very large, the interface will not be drawn 
into the sintered plate within the pressure range of this measurement. At this point, 
A/14 — 0 and Ah^ = 0, and the height of the oil in the bed is , hence, 
AP^ = {hf -  hw) + ^  + ^ Pclw/o +  ^ ^c/0/0 
Subtracting Equation A.11 from Equation A.13 gives 
- . (A.14) 
According to the above analysis, the following relationships exist between AP 
and AV which are shown in Figure A.2. 
1. Stage I: draining water: 
APi = AP^ - AP^ = Ah2 
AVj = Ah2A = (A.15) 
2. Stage II: water-oil interface touches the top surface of coal bed: 
AP2 = AP^ — AP^ = ^Pcf-wfo 
AV = Q (A.16) 
3. Stage III: drawing oil into the coal bed: 
AP, = A/>4 - ^ _ Aki)-^ 
£5 £}) Pw 
AF3 = AAhi = -—^  •  A P 3  ( A . 1 7 )  
V 
<J 
Suction Pressure, cmHj O 
Figure A.2: An ideal typical suction potential curve 
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4. Stage IV: oil-air interface touches the top surface of the coal bed: 
AP4 — AP^ — ^ ^c/oja 
AF4 = 0 (A.18) 
5. Stage V: drawing oil-air interface into the coal bed: 
APj = APg - APi = AAj - ^  
AV^={Ah^-^)Aei^ = Aei,-AP^ (A.19) 
6. Stage VI: water-oil interface touches the sintered pate: 
^^6 = ^ Ps/w/o 
AVq = 0 (A.20) 
Analysis of the relationship between AP and three-phase contact angle 
Basic Assumptions: 
1. Particles are uniform spheres with diameter dp. 
2. There are n particles in the cross-sectional area of the sample holder at the 
interface. 
3. The cross-sectional area of every particle at the interface is the same, and is 
given by 
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Since assumptions 1 and 2 may not apply to an actual bed of coal particles, a cor­
rection factor, k, is introduced into the preceding equation to obtain 
dl 
S = (A.21) 
Hence, the number of particles occupying the sample holder cross section will be 
Since the surface tension on a coal surface due to the interface between phase i and 
phase j is 
7^-j cos 0, dyne /cm 
the force needed to overcome the surface tension and to move the interface through 
each particle is 
irdpfij cos 9, dyne 
For the n particles at the interface, the force needed to move the interface through 
the bed of particles is given by 
irdpn-i^j cos 6, dyne 
and the correspondig pressure is 
AP = 
Area of liquid 
Therefore, the suction pressure needed to move the interface is 
cos 9 fijCOSO n 
AP = Trdpn—^ , dynes j cm (A.23) 
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Substituting Equation A.22 into Equation A.23 gives 
47V,-cos 0 I - s u  0  
AP — —— —-—-, dynes/cm 
dp ke^ 
(A.24) 
If AP is expressed directly in cmi/'2^> 
47,-,-cos^ 1 _ 1 » 
AP = —— ——- , dynesfcm (A.25) 
dp fcej Pwg 
Hence, for the water-oil interface the preceding expression will become, 
(A-, 
and for the oil-air interface the expression will become 
' <A-) 
Assuming that remains constant during the measurement, the correction constant 
k should also remain constant as it is related to bed packing and particle size. There­
fore, dividing Equation A.26 by Equation A.27 gives: 
^-^c/w/o ^ '^w/o ^w/o , 
If cos^Q^Q = 1, this reduces to the following: 
Equations A.28 and A.29 are the same as equations reported in the literature [50] [51] [54]. 
Discussion 
According to Equation A.15, the slope of theAV — AP curve for Stage I is A, a 
constant. Equation A.17 shows that the slope of the AF — AP curve for Stage III is 
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r—^^TUTTi and A.19 shows that the slope of AF — AP curve for Stage V is Aei. 
. . . 
Therefore, the slopes for stage III and Stage V will be affected by the void fraction 
of the coal bed, £^, which is related to the packing and particle size distribution of 
the coal particles. Also because 
1 - (1 - ^h)~ < ^ 
Pw 
it follows that 
> Aei 
Therefore, the slope for Stage III is always steeper than the slope for Stage V. The 
slopes for Stage III and V will both decrease with decreasing void fraction, that 
is, if the bed is packed tighter, both lines will become flatter. The slope of the line 
for Stage I is also related to the ratio of densities of oil and water, but this ratio is 
constant for a given oil. 
According to the previous analysis, the A F — AP curve for each stage should be 
a straight line. However, the experiment curve is not always so. Some experimental 
points in Stages III and V are not on straight lines as they should be, especially those 
near Stages II and IV. This can be explained by the non-uniformity of the capillaries 
formed between coal particles. 
Equations A.26 and A.27 show that the particle size, dp, and the bed void 
fraction, e^, will affect the suction pressure required to draw both the water-oil and 
oil-air interfaces into the bed. The suction pressure will increase with decreasing 
particle size, dp, and with decreasing bed void fraction, e^. 
Equation A.23 is similar to the following equation derived by Dunstan and 
White [70]: 
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AP = (1 — eij)psA- (A.30) 
where 
ps  =  density of particle, g/cm^, 
A = specific surface area per gram of solid. 
Since for a sphere, 
I ® psA =  — 
dp  
and by taking k = 2/3, Equation A.24 becomes identical to Equation A.30. 
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APPENDIX B. COMPARISON OF TIME REQUIRED TO REACH 
EQUILIBRIUM BY THE ORIGINAL AND MODIFIED TECHNIQUES 
FOR MEASURING THE THREE-PHASE CONTACT ANGLE 
The flow rate of liquids in the sample holder is given by the expression 
Q(vol/time) = ^  = As^ (B.l) 
According to the modified Darcy equation, the rate of fluid flowing through a packed 
bed of solids, in laminar flow is 
where 
Aj = cross-sectional area of liquid in the sample holder 
hs = height of the liquid in the sample holder 
Af = cross-sectional area of liquid in the adjustable tube 
hi = height of liquid in the adjustable tube 
AP = the pressure difference across the bed of solids 
Tj = viscosity of liquid 
L = thickness of the solid bed 
K = "permeability" constant 
For the original suction potential method, a pressure increment APj- is set to 
move the interfaces in order to reach an equilibrium point. APj is measured in cm 
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H2O. To reach a pressure equilibrium point, a certain volume of water must be drawn 
from the coal bed and conducted to the burette to balance the pressure change. This 
volume can be calculated by Equations A.15, A.17 and A.19 for Stage I, III, and V, 
respectively. For Stage I 
AV = AsAhs = AsAP 
dP =  —dhs  (B.3) 
Combining Equations B.l and B.3 gives the following: 
^ ,  dhs  ,  dAP KAsAP 
The time required to reach the equilibrium state is the time required for the pressure 
difference across the coal bed to become zero, that is, for Afy = 0, so 
t  = lim I  ^ \pd{lnAP) = lim (/nAPv — InAPf) ]  (B.4) 
APy^O^Afy  K ^ K^APf^O ^ J 
Since it would take forever for APy —+ 0, it must be assumed that equilibrium is 
achieved when APy reaches a predetermined value. Then, the time required will be 
For . the modified suction potential technique, the mechanism for balancing the 
pressure is different. No water is drained out to the burette. Instead, the pressure 
difference across the coal bed drives a small amount of water up in the adjustable 
tube, the increase of water level in the adjustable tube balances the pressure difference 
across the coal bed. For Stage I in Figure A.2, Equations B.l and B.2 still hold, but 
Equation B.3 is different.. 
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An infinitessmal change in the water level in the adjustable tube becomes an 
infinitesmal change in the water level in the sample holder. 
dV =  Asdhs  =  —Af^dhi  
—dhi = -^dhs 
dù^P = —(I dhg I + I dh^ I) 
dAP = -(1 + ^ )dhs (B.6) 
T,en • = = 
dt  ^  ^s .  d t  "qL 
For the same initial and final pressure differences across the coal bed, and Afy, 
we have 
' = (B.r) 
H 
For the system we used, = 20.25, so the time required to reach the equilibrium 
in Stage I by the modified technique is only 1/20 of the time required by the old 
technique. Similar results can be obtained also for Stage II and Stage V. 
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APPENDIX C. THERMODYNAMIC RELATIONSHIP BETWEEN 
THE HEAT OF IMMERSION AND THE CONTACT ANGLE 
By definition, the Gibbs free energy is 
G. = H-TS (C.l) 
The following is another basic thermodynamic expression for a closed system: 
dG = V dP-S dT (C.2) 
When pressure is held constant, the preceding equation reduces to 
Substituting this expression for S in Equation C.l gives 
'' = ^ + ^(11), 
Differentiating this equation yields 
= + (C.4) 
When temperature is held constant, dT = 0, and Equation C.4 reduces to 
dGx = dHj. + Td(^^^ ^  
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Integration at constant temperature yields 
which is equivalent to 
AGj. = A% + r(^^ ^ (C.5) 
Therefore, rearranging this expression gives 
- A% = -AGy + T ^  (C.6) 
1. Liquid-Vapor-Solid System 
For a three-phase system in which a given solid is saturated initially with a given 
liquid vapor, the immersion process can be represented schematically by Figure C.l: 
solid saturated solid-liquid-vapor 
with the vapor 
immersion occurs , 
interfaces form 
of the liquid. T, P, Pg 
+ liquid 
T, P, Pg 
Figure C.l: Schematic representation of the immersion process 
where 
P = total system pressure. 
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T = temperature of system, 
Pg = partial pressure of the liquid. 
For a solid-liquid-vapor system at equilibrium, the well known Young's Equation is: 
- AG = -ysv - Isl = (C.7) 
Substituting Equation C.7 into Equation C.6 gives: 
-  A f f  =  % - r  C O .  ( C - 8 )  
When a powder with a clean surface is immersed into a liquid, heat is released. 
The heat is usually denoted as the integral heat of wetting or heat of immersion 
if there are no unusual interactions. Equation C.8 provides a theoretical basis for 
relating the heat of immersion to the surface hydrophobicity as represented by the 
contact angle. 
Thermodynamically speaking, the preceding relationship holds when the process 
is conducted reversibly at constant temperature and pressure. The heat of immersion 
is defined by the following expression: 
Qw = Esv — Egi 
where 
Qw = generated heat of wetting, erg/g solid, 
Esv = total surface energy of solid saturated with vapor, erg/g solid, 
Egi = total surface energy of solid immersed in liquid, erg/g solid 
For the immersion process, the heat of immersion is equal to the enthalpy change 
because no work is done by the system and other forms of energy should be negligible. 
— A/T = Hsv ~ ^sl ~ ~ Egi (C.9) 
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Usually , — AH is expressed as ergs per square centimeter of surface so the relationship 
between the enthalpy change and the heat of wetting becomes 
tal heat of wetting can be correlated theoretically with the contact angle by Equa­
tions C.8 and C.IO. However, the relationship is complicated. The parenthetical term 
is constant under given T and P. It is the last term in Equation C.8 which makes 
the contact angle difficult to calculate using Equation C.8. However, one study [10] 
showed that the change in contact angle with temperature is small; therefore, the 
last term may be negligible compared with the first term. For some systems, the 
following truncated forms of Equation C.8 may be sufficiently accurate: 
This equation shows that the heat of wetting is inversely proportional to the contact 
angle, and, therefore, to hydrophobicity. 
However, for some systems, the last term in Equation C.8 may not be negligible, 
and, therefore. Equation C.ll may not be suitable for all systems. 
2. Liquid-Liquid-Solid System 
For a solid-liquid-liquid system. Young's Equation is: 
(C.IO) 
where A is the specific surface area of the solid, cm^/g. Therefore, the experimen-
(C.ll) 
(C.12) 
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Combing this equation with Equation C.6 in the same way as for a solid-liquid-vapor 
system, the following expression is obtained: 
-AH = 
-T dT 
Pi 
COS 8 5/1/2 
'dcos 9 
^hh- (C.13) dT \ / p 
The most difficult problem in this case is the determination of AH. To relate AH 
to the three-phase contact angle, the AH measured must be the heat released in 
the process of transferring the solid from liquid 1 to liquid 2. The process can 
be schematically illustrated by Figure C.2 This process is difficult to conduct in 
solid immersed solid immersed 
in liquid 1 in liquid 2 
displacement , 
+ liquid 2 
-AH + liquid 1 
T, P, Pgl T, P, Pg 
Figure C.2: Schematic representation of the process of transferring a solid from one 
liquid to another liquid 
practice. However, an alternative process can be proposed as shown in Figure C.3. 
For process III, the enthalpy change is 
(C.14) 
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III displacement 
II immersion I immersion 
AH -AH 
solid immersed 
in liquid 2 
+ liquid 1 
T, P, Pgl 
dry solid 
+ liquid 1 
+ liquid 2 
T, P, Pgl 
solid immersed 
in liquid 1 
+ liquid 2 
T, P, Pgl 
Figure C.3: Schematic representation of an alternative process 
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For processes I and II, the enthalpy changes are, respectively. 
- AHi = Hs- (C.15) 
- AH2 = Hs - (C.16) 
By combining the preceding equations, the following equation is obtained: 
- ^"3 = Hsl2 "sli = -^^1 - (-^^2) (C.17) 
However, in process III, the displacement of one liquid by another may not be com­
plete, some molecules of liquid 1 may remain on the solid surface. An alternative 
thermodynamic process is shown in Figure C.4 which assumes that the number of 
molecules remaining on the solid surface is equal to the number of molecules isother-
mally adsorbed by the dry solid. 
For this process, Equation C.17 still applies. When Equation C.8 is applied to 
the liquid 1/solid and liquid 2/solid systems the following two equations are obtained, 
respectively: 
Pi P • 
(C.18) 
- = V2V - ^ 
P 
(C.19) 
Substituting Equations C.19 and C.13 into Equation C.17 provides a relationship 
between the contact angle for a solid-liquid-vapor system and the three-phase contact 
angle for a solid-liquid-liquid system: 
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III displacement 
-AH 
II immersior I immersion 
solid with adsorbed 
liquid 1 
+ liquid 1 
+ liquid 2 
in liquid 1 
solid immersed 
T, P, Pg 
immersed in liquid 2 
solid with liquid 1 
T, P, Pg 
+ liquid 1 
Figure C.4: Schematic representation of the alternative process 
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I QT / \  / p j  
dT 
(—9^) 
""%V-Vivt{^ a/'") 
V2V 
'dll 2^ 
dT 
PJ 
'dcos 6 
^5^2^ '''^2^^ I dT 
sl2V (C.20) 
This equation provides the possibility for calculating the three-phase contact an­
gle ^5/^/2 contact angles and However, the calculation will become 
'acog 
"dT practical only when the terms, ^—~gT^'^j ' 
/ dcos 0^1 \ 
I Qj\ ^ I , are negligible. For this case, Equation C.20 becomes 
, and. 
^^1^2 -T 
/ p 
cos 9 sh I 
'^lyv '• -T 
'dji IV 
dT 
Pi 
Pi  
V2 
cos 9 sliv V2v -T 
'^n 2^ 
dT 
Pi 
coa 9^1^^. (C.21) 
This equation suggests that the three-phase contact angle for a solid-liquid-liquid 
system can be obtained from the contact angles for a solid-liquid 1-vapor and a solid-
liquid 2-vapor systems. However, as mentioned in the preceding section, further work 
is needed to show whether Equation C.21 is sufficiently accurate. 
